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STUDIES OF M E T A L - W A T E R REACTIONS AT HIGH T E M P E R A T U R E S 
111. E X P E R I M E N T A L A N D THEORETICAL STUDIES 

o r THE ZIRCONIUM-WATER REACTION 

by 

Louia B«ker , Jr . «nd Luuta C. Juat 

1. ABSTRACT 

Further atudira o( the i i r c o n i u m - w a t e r react ion by the c o n d e n a e r -
d iacharge methodAre reported . The react ionwAa atudiedwith init ial meta l 
t e m p e r a t u r e a f rom 1100 to -4000 Cwi th 30- and 6 0 - m i t w i r e a i n w a t e r f rom 
r o o m t e m p e r a t u r e to 315 C (ISOO-pai vapor p r e a a u r e ) . Run* in heated 
water ahowed marked ly g r e a t e r react ion . This waa expla ined in t erma of 
a J - a t e p react ion i c h r m e in which the react ion rate ia ini t ia l ly contro l l ed 
by the rate of gaaeoua dtffuaion of water vapor towa rd the hot metal partic lea 
and of hydrogen , genera ted by reac t ion , away from the pa rtic tea. At a later 
t i m e , the reac t ion b e c o m e a contro l l ed by the parabol ic rate law, reautt ing 
in rapid cool ing of the p a r t i c l e * . 

A m a t h e m a t i c a l mode l of the reac t ion of mol ten meta l a p h e r e a w i t h 
water waa proposed . The equation* deacr ib ing the react ion w e r e p r o 
g r a m m e d on an analog computer . The Nuaaelt number , deacr ib ing both the 
gAaeoua diffuaion rate and the rate of convec t ion coo l ing , was g iven the 
theore t i ca l m i n i m u m value for apherea , i . e . , N u = ^ , w h e r e a a the e m i s s i v i t y 
of the oxide s u r f a c e waa g iven the theore t i ca l m a x i m u m value of unity. The 
only adjustable conatanta in the computer so lut ions w e r e the p a r a m e t e r s of 
the parabol ic rate law. Theae w e r e obtained e m p i r i c a l l y from the computer 
so lu t ions and by r e f e r e n c e to Z p r e v i o u s i s o t h e r m a l s tudies of the z i r c o n i u m -
water reac t ion . The fol lowing rate law waa deduced: 

w' = 33.3 X 10* t exp ( - 4 5 , 5 0 0 / R T ) 

w h e r e : w is m i U i g r a m a of z i r c o n i u m reac ted per sq c m of sur face a r e a 
and t ia t ime tn s e c . 

D e c r e a s e d extent of reac t ion in r o o m - t e m p e r a t u r e water w a s beat 
d e s c r i b e d on the a s s u m p t i o n that in r o o m - t e m p e r a t u r e water the e f fec t ive 
vapor p r e s s u r e of water , driv ing diffusion, i s one-hal f the value in heated 
water . This w a s in terpre ted to mean p h y s i c a l l y that during react ion in 
r o o m - t e m p e r a t u r e water the water sur face facing heated p a r t i c l e s la a 
dynamic mixture of water at the boil ing point and water at room t e m p e r a t u r e . 

Exp los ive r e a c t i o n s w e r e found to o c c u r with p a r t i c l e s s m a l l e r than 
about I m m in heated water and 0.5 m m in r o o m - t e m p e r a t u r e water . The 
e x p l o s i v e r e a c t i o n s w e r e due to the abi l i ty of the evolv ing hydrogen to p r o 
pel the p a r t i c l e s through water at high speed . The h igh-apeed mot ion waa 
de tec ted on mot ion picture f i lm and had the effect of removing the g a s e o u s 
diffusion b a r r i e r ( i n c r e a s i n g the N u s s e l t number) , resu l t ing in very rapid 
reac t ion . 

Computed r e s u l t s c o m p a r e d favorably with r x p r r i m r n t a l rraul ts 
obtained by the c o n d e n s e r - d i s c h a r g e e x p e r i m e n t and with the r e s u l t s of 
p r e v i o u s i n v e s t i g a t o r s . Computat ions indicated that the extent and rale of 
react ion depended on the part i c l e d i a m e t e r and thr water Irmpr raturr , and 
w e r e r e l a t i v e l y Independent of the meta l t r m p r r a t u r c so long as the inrtal 
waa fully me l t ed . Thia m a k e s it poaaible to ra t imatc the cxlrnl <.( / i n uniunt-
water react ion that would occur during a reac tor acc ident in whu h the 
part i c l e s i x e s of the res idue could be r a t l m a l r d . Coniparist .na w r r r umtlr 
with the r e s u l t s of mel tdown r x p e r l m e n t a in TRI.AT, .in") .ipj.li. *iH.ina to 
r e a c t o r haxarda ana lya l s w e r e d i s c u s s e d . 





II. INTRODUCTION 

Chemical reactions between reactor cladding metals and water have 
been a subject of concern in the atomic energy program for many years . A 
coolant failure or a nuclear excursion m a water-cooled reactor would 
cause overheating of the fuel elements and might lead to a violent chemical 
reaction. The zirconium-water reaction is especially important because of 
the extensive use of zirconium and zirconium-based alloys as a fuel e le
ment cladding and s t ructural mater ia l in water-cooled reac tors . The fol
lowing equation for the reaction shows that both heat and hydrogen gas are 
liberated by the reaction: 

Zr + 2 HjO ^ Z r O j + 2 H^ ; AH = -140 kcal/mole 

Chemical heat production could exceed the nuclear heat generation during 
a destructive nuclear t rans ien t . l ' .2) Hydrogen generated by the reaction 
could give r i se to a p ressu re surge and might subsequently react explosive
ly with air . An investigation of the rates and mechanism of the zirconium-
water reaction was therefore undertaken. 

The l i terature of metal-water reaction studies was reviewed in 
2 previous r epor t s . ! ' .^) Previous results pertinent to the zirconium-water 
reaction will be suinnnarized here. One of the first demonstrations that 
finely divided zirconium would react extensively with water was provided 
by Ruebsamen, Shon, and Chrisney. '- ' ' They employed condenser-discharge 
heating to melt rapidly 2-mil foil s t r ips of zirconium under water. They 
determined the extent of reaction by collecting hydrogen generated by r e 
action in the absence of a i r . The extent of reaction ranged between 20 and 
100 percent for 5 runs with zirconium. 

Bostrom studied the isothermal oxidation rates of Zircaloy-2 cyl
inders by induction heating under water.(4) Continuous measurements of 
the hydrogen evolution were made at metal temperatures between 1300 and 
1860 C. The resul ts could be described approximately by a parabolic rate 
law. Oxidation was very s imilar to the air oxidation of zirconium. Rates 
were rapid but not explosive at temperatures up to and slightly above the 
melting point. 

Lustman used Bost rom's data to make quantitative predictions of 
the results of a loss-of-coolant accident m PWR. l ' ' Lustman was able to 
estinnate the heating curve of Zircaloy-2 m the core s tructure due to the 
heat released in the chemical reaction and the residual fission product 
decay. He also determined the cooling curve of a molten droplet in water, 
considering thernnal radiation as the only cooling mechanism. The resul ts 
were very sensitive to the assumed emissivity value. 
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Milich and King melted zirconium rod and dropped 10-20 gram 
batches into water under various conditions of temperature andpressure . l 
They used induction heating within a h igh-pressure autoclave. They found 
that high pressures of inert gas suppressed the reaction whereas high 
steam pressure gave very extensive reaction. 

Lorentz used static irradiation in MTR to simulate a "run-away" 
reaction incident using zirconium-uranium alloys.(7) Alloy samples were 
loaded into high-pressure autoclaves and lowered into the MTR core for 
periods of about 15 sec. Heating rate was est imated from the flux and the 
sample enrichment to be about 5000 F / S C C . F r o m 16 to 84 percent of the 
alloy reacted, as determined by the volumes of hydrogen collected from 
the autoclaves in 5 different runs. 

Elgert and Brown conducted a s imilar study in MTR using fuel 
plates clad with zirconium.(8) Results were very s imi lar to those reported 
by Lorentz, in that very extensive reaction of the zirconium occurred. 
Sporadic explosions were recorded during the i r radiat ion in some cases . 

Layman and Mars(9) demonstrated a self-sustaining reaction be
tween Zircaloy and water, by condenser-discharge heating to simulate ex
ponential periods of 2 to 20 msec. Chemical reaction was initiated very 
close to the melting point. Some self-heating was noted in every run, and 
reaction in some runs was sustained to completion. 

Extensive studies of metal-water reactions were reported by 
Higgins et al. of the Aerojet General Corporation, v 10- 12) One-inch-
diameter streams of molten zirconium were discharged into water in one 
study. Only a thin oxide coating was formed on the resulting metal globules. 
In some experiments, blasting caps were used to obtain dispersion of the 
molten metal; the metal was converted largely into spherical par t ic les . 
This procedure resulted in violent reactions of water with zirconium, 
Zircaloy-2, and Zircaloy-B. It was determined that the percent reaction 
was a sensitive function of particle size. Finer par t ic les gave much naore 
reaction. Studies with an alloy of Zircaloy-B and 0.9% beryll ium gave 
somewhat less reaction. Reaction could be approximated by assuming that 
all particles were oxide coated to a thickness of 25 û. 

In another study, 10-20 g of molten zirconium were sprayed under 
pressure into water in the Aerojet Explosion Dynamometer.(1 2) Spherical 
particles were formed as in the previous study, and the extent of reaction 
was determined as a function of part icle size by measurement of the 
thickness of oxide layer. The transient p r e s su re s generated within the 
water column were used to calculate the work, total impulse, and mechani
cal efficiency of the explosion. Results indicated that reactions became 
more violent when the initial metal temperature was greater than 2400 C. 
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Sa l t sburgC •*' rev iewed prev ious exper imenta l .stuihes of meta l -
water reac t ions in an attempt to relate them to nuclear incidents . Both the 
l o s s - o f - c o o l a n t and the nuc lear -runaway incidents were di.siusHed, The 
importance of external hydrodynamical and heat transfer cons idera t ions 
was s t r e s s e d . It was pointed out that the nature of the react ion b e c o m e s 
governed by physical p r o c e s s e s rather than by chemica l p r o c e s s e s at 
s o m e high temperature which is probably well below the vaporizat ion 
point of the metal . 

A s e r i e s of s tudies relat ing to the z i rcon ium-wate r react ion were 
reported by L e m m o n et aĵ . of the Batte l le Memoria l Institute.('"*) Deter 
minat ions of the total and spectra l e m i s s i v i t i e s of Z irca loy and z irconium 
dioxide were reported as a part of this program A study was a l so made of 
the diffusion of oxygen into sol id Zirca loy at high t e m p e r a t u r e s . Another 
phase of the program involved a study of the react ion between sol id 
Z i r c a l o y - 2 and s t eam between 1000 and 1690 C. After unreacted s team 
was condensed, the react ion rate was determined by m e a s u r i n g the quantity 
of hydrogen produced. The re su l t s were best corre la t ed in t e r m s of the 
parabolic rate law with an act ivat ion energy of 34 kcal per mole . They 
a l so ca lculated an act ivat ion energy of 65.4 kcal per mole for B o s t r o m ' s 
data.*'*' Steam p r e s s u r e had little or no effect on the react ion rate. In 
another study, molten Zirca loy globules were formed by induction heating 
the end of a rod. The globules were dropped into water. The th i ckness of 
oxide layer was m e a s u r e d as a function of water t emperature . Uncertainty 
about whether the g lobules were fully mel ted or not apparently caused con
s iderable scat ter in the data. Cooling t ime i n c r e a s e d markedly with in
c r e a s i n g water t emperature . A final study reported by Battelle''"*) was a 
mathemat ica l ana lys i s to de termine the amount of react ion and heat transfer 
that would occur for a mol ten Z irca loy droplet falling through a s t eam and 
water environment . B o s t r o m ' s data were used for the a n a l y s i s . The 
ana lys i s cons idered the fact that convect ion heat transfer at the leading 
edge of a fall ing drop is greater than that at the trai l ing edge. This led to 
the difficulty that in some c a s e s the temperature at each end of the droplet 
d iverged. It a l so led to the conc lus ion that larger drops react m o r e exten
s ive ly than s m a l l e r drops , which was incons i s tent with m o s t exper imenta l 
r e s u l t s . 

A s e r i e s of s tudies of m e t a l - w a t e r react ions were c a r r i e d out by 
General E lec tr i c Company under the d irect ion of L F Epstein. ' '^-'^^) 
Six r e p o r t s " ^ - ' 8 , 2 1 , 2 2 ) presented a n a l y s e s of reactor behavior which 
might set the stage for des truct ive m e t a l - w a t e r reac t ions . Another report 
d i s c u s s e d analytical formulat ions of rate laws which might be appl icable 
to m e t a l - w a t e r react ions J'^'') Zirconium was exposed to water vapor 
contained in an inert c a r r i e r gas in one study.(19) It was de termined Ih.il 
the react ion rate of c lean s u r f a c e s of sol id z irconium was contro l led by 
the rate of g a s e o u s diffusion of water vapor through the c a r r i e r gas . A 
demonstrat ion of the levitat ion melt ing technique ,IH .ipphed to z i rcon ium 
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was r e p o r t e d in ano the r s tudy. (23) A r a p i d - r e c o r d i n g i n f r a r e d p y r o m e t e r 
was u s e d to follow t e m p e r a t u r e c h a n g e s p r o d u c e d by r e a c t i o n . 

A m o r e r e c e n t pape r by E p s t e i n po in ted out the c o i n c i d e n c e of t he 
r e p o r t e d ignit ion t e m p e r a t u r e s of s e v e r a l m e t a l s wi th the t e m p e r a t u r e 
w h e r e the m e t a l vapor p r e s s u r e r e a c h e s 0.15 m m . ( 2 4 ) T h i s w a s t a k e n to 
indica te that m e t a l - w a t e r r e a c t i o n s b e c o m e v io len t b e c a u s e of a v a p o r -
phase in i t ia t ing r e a c t i o n . 

The foregoing d i s c u s s i o n of the l i t e r a t u r e showed tha t the 
z i r c o n i u m - w a t e r r e a c t i o n is r e l a t i v e l y slow and c o r r o s i o n - l i k e u n d e r m o s t 
condi t ions , e s p e c i a l l y when l a r g e p i e c e s of m e t a l a r e invo lved . S e v e r a l 
i n v e s t i g a t o r s r e p o r t e d e x p l o s i o n s , s e l f - s u s t a i n e d b u r n i n g , o r v e r y e x t e n 
sive r e a c t i o n when finely divided m e t a l was involved. 

The p r e v i o u s s tud ies did not p rov ide a quan t i t a t i ve u n d e r s t a n d i n g 
of what p a r t i c l e s i z e s a n d / o r m e t a l t e m p e r a t u r e l e a d s to an e x p l o s i v e 
r eac t i on . The r e s u l t s of 2 s tud i e s of the i s o t h e r m a l ox ida t i on r a t e s of 
Z i r c a l o y at t e m p e r a t u r e s below the m e l t i n g point did not a g r e e wi th each 
o the r . No s a t i s f a c t o r y r a t e m e a s u r e m e n t s have b e e n r e p o r t e d for t he 
mol t en m e t a l . P r e v i o u s p a p e r s have d i s c u s s e d m a n y p h y s i c a l and c h e m 
ical p r o c e s s e s which m a y be involved in the o v e r a l l r e a c t i o n , i . e . , g a s 
eous diffusion, s o l i d - s t a t e diffusion, a d s o r p t i o n , m e t a l v a p o r i z a t i o n , 
convect ion , r ad ia t ion , boi l ing hea t t r a n s f e r , e t c . It i s not c l e a r , h o w e v e r , 
which p r o c e s s or p r o c e s s e s con t ro l the r e a c t i o n r a t e . 

Studies of the z i r c o n i u m - w a t e r r e a c t i o n w e r e t h e r e f o r e u n d e r t a k e n 
in the C h e m i c a l E n g i n e e r i n g Div is ion of Argonne Na t iona l L a b o r a t o r y . 
These s tud ies u s e d the c o n d e n s e r - d i s c h a r g e m e t h o d to i n v e s t i g a t e the r e 
act ion at high t e m p e r a t u r e s . A p r e l i m i n a r y r e p o r t ( l ) d e s c r i b e d the s e l e c 
t ion of the c o n d e n s e r - d i s c h a r g e me thod and the e x p e r i m e n t a l p r o c e d u r e s 
in de ta i l . Some e x p e r i m e n t a l r e s u l t s w e r e a l so r e p o r t e d . 

This pape r g ives fu r the r e x p e r i m e n t a l r e s u l t s ob t a ined by the 
c o n d e n s e r - d i s c h a r g e e x p e r i m e n t s and d e s c r i b e s a m a t h e m a t i c a l m o d e l 
of the r e a c t i o n which is c o m p a r e d to the e x p e r i m e n t a l r e s u l t s of t h i s and 
p r e v i o u s s tudies of the r e a c t i o n . Some p r e l i m i n a r y c o n c l u s i o n s p e r t a i n 
ing to r e a c t o r h a z a r d s a n a l y s e s a r e a l so p r e s e n t e d . 
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III. EXPERIMENTAL RESULTS 

The experimental studies were carr ied out by the condenser-discharge 
method.* The maximum energy that could be stored in the condensers was 
296 cal, which could be delivered to a circuit consisting of a one-inch-long 
specimen wire, either 30 or 60 mils in diameter, and extraneous lead r e 
sistance in a nominal time of 0.3 msec (0.0003 sec). The energy actually 
received by the specimen wire could be determined accurately by electr ical 
measuring methods. The energy per gram of specimen wire was used with 
enthalpy data to calculate the initial metal temperature on the assumption 
that uniform adiabatic heating had occurred. High-speed motion pictures 
and the correspondence between calculated initial temperatures and indi
cations of melting verified the assumption. 

Specimen wires were immersed in degassed water in one of 2 stain
less steel reaction cells. One reaction cell was used with water at room 
temperature ( low-pressure cell), and the other was used with water from 
room temperature to 315 C (vapor pressure of 1500 psi). The low-pressure 
cell contained Pyrex windows through which high-speed motion pictures 
were taken 

Piezoelectr ic pressure t ransducers were mounted on both reaction 
cells A recording of transient p ressure for each run was obtained by 
photographing the screen of a cathode-ray oscilloscope. The pressure 
t races were affected by the discharge current during the first few msec 
of most runs, making it impossible to measure peak explosion p ressures . 

The hydrogen generated by reaction was collected and the quantity 
determined. From this and the specimen weight, the percent of metal 
reacted in each run was determined. Residue from runs was collected 
and average particle size determined. Residue was examined metallo-
graphically and by X-ray diffraction techniques. 

A. Results of Runs in Room-temperature Water 

The data for all condenser-discharge runs are presented in tables 
in Appendix A. The resul ts of hydrogen analyses expressed as percent of 
metal reacted are plotted in Figure 1 as a function of the initial metal 
temperature for zirconium runs in room-temperature water. The atmos
phere above the water in the reaction cell in these runs was a i r - f ree; the 
initial p ressure was therefore the vapor pressure of water at room tem
perature (ca. 0.5 psia). The results show that the percentage of metal that 
reacted in nominal 30-mil wire specimens was approximately twice that in 

•The reader is referred to Ref I for a more detailed description of 
the experiinental procedures. 
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nominal 60 -mi l wi re for r u n s at m e t a l t e m p e r a t u r e s up to and inc lud ing 
the mel t ing point reg ion . The r e s u l t s a l s o show tha t at an in i t i a l m e t a l 
t e m p e r a t u r e of 2600 C t h e r e was a s h a r p t r a n s i t i o n f r o m a m a x i m u m of 
20 pe rcen t r eac t ion to as m u c h as 70 p e r c e n t r e a c t i o n . 

O RUNS WITH 6 0 - M I L WIRES 
A RUNS WITH 3 0 - M I L WIRES 
4 R U N S WITH AN EXPLOSIVE 

PRESSURE RISE 

F i g u r e 1 

ZIRCONIUM RUNS IN ROOM 
T E M P E R A T U R E W A T E R 

(See T a b l e s Al - P a r t l a n d A2 
for t a b u l a r da ta) 

1500 f^^ne52^^^{20002500 5000 3500 4000 
INITIAL METAL TEMPERATURE.C 

T h e r e was a sha rp change in the c h a r a c t e r of the t r a n s i e n t p r e s 
su re t r a c e s at ini t ial m e t a l t e m p e r a t u r e s of the o r d e r of 2600 C. P r e s s u r e -
t ime c u r v e s from typica l r uns (p rev ious ly p r e s e n t e d in F i g u r e 1 8 of 
ANL-6257) a r e r e p r o d u c e d in F i g u r e 2. Runs with in i t i a l m e t a l t e m p e r a 
t u r e s l e s s than 2600 C had slow r a t e s of p r e s s u r e r i s e as shown in c u r v e s a, 
b , c, and d of F i g u r e 2. Seve ra l t en ths of a s econd w e r e r e q u i r e d for the 
p r e s s u r e to approach a final va lue . Runs with in i t i a l m e t a l t e m p e r a t u r e s 
exceeding ca. 2600 C had an explos ive p r e s s u r e r i s e , a s shown in c u r v e s e 
and f of F i g u r e 2; a final p r e s s u r e was r e a c h e d wi thin a few m i l l i s e c o n d s . 

The r e s u l t s shown in F i g u r e 1 imply that in i t i a l m e t a l t e m p e r a t u r e 
is the p r inc ipa l va r i ab l e which d e t e r m i n e s the ex ten t of r e a c t i o n . P a r t i c l e 
s ize has been shown by p r e v i o u s i n v e s t i g a t o r s to be of m a j o r i m p o r t a n c e . 
The r e s u l t s a r e t h e r e f o r e plot ted as a function of m e a n p a r t i c l e d i a m e t e r s * 
in F igu re 3 without cons ide r ing the ini t ia l m e t a l t e m p e r a t u r e . P l o t t e d in 
this way, t h e r e i s l i t t le d i f ference be tween r u n s m a d e wi th 30- and 6 0 - m i l 
w i r e s . T h e r e is a l so no s h a r p b r e a k in the c u r v e b e t w e e n exp los ive and 
nonexplosive runs . The ignit ion migh t be c o n s i d e r e d as a c r i t i c a l p a r t i c l e 
size phenomenon as well as a c r i t i c a l t e m p e r a t u r e p h e n o m e n o n , s i nce non -
explosive runs had m e a n p a r t i c l e d i a m e t e r s in e x c e s s of 650 ^ , w h e r e a s 
all but one explos ive run had m e a n p a r t i c l e d i a m e t e r s be low 500 /i. 

The Sauter m e a n d i a m e t e r was u s e d to r e p r e s e n t the p a r t i c l e s i z e . 
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Figure 2 

PRESSURE-TIME CURVES FROM RUNS 
WITH 30-MIL ZIRCONIUM WIRES IN 

ROOM-TEMPERATURE WATER 

(«) 
(b) 
(c) 

w 
(*) 
( f ) 

Run 
No. 

8« 
92 

10« 
74 

109 
l U 

Iniual Mci*l Temp, C, 
and Ptiysical State 

noo . Solid 
ISSa, 100^ Liquid 
2100, Liquid 
2500, Liquid 
2800, Liquid 
(*82 cal/g) Vapot 

(Preuise Ttacei Shown in Ref. 

Final Preasuie 
Rlie, atm 

0. U 
0.16 
0.16 
0.22 
0.44 
0.46 

1) 

I 02 -

0 4 0 « 
TlUClK 

Figure 3 

E F F E C T OF P A R T I C L E DIAMETER ON 
Z I R C O N I U M - W A T E R - R E A C T I O N IN 

ROOM TEMPERATURE WATER 

(See Tables Al - Part I and A2 
for tabular data) 
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Three series of runs with nominal 60-mil wires were made, one 
series with an atmosphere of inert gas above the water in the reaction cell. 
It was recognized, however, that a run without added inert gas generates 
hvdrogen, which presumably acts as inert gas p ressure above the water 
level An attempt was therefore made in another ser ies of runs to reduce 
the average inert gas pressure . This was done by enlarging the gas volume 
of the reaction cell from a normal value of 40 cc to about 160 cc. The r e 
sults of a series of runs with 60-mil wires in the large-volume cell are 
compared with normal runs and inert gas runs in Figure 4. The resul ts 
show that, on the average, there was a slightly increased reaction m the 
large-volume cell. There was no significant decrease m reaction, how
ever, in the presence of 1 atm of added inert gas. 

D NO INERT GAS, VAPOR VOLUME I60cc 

0 NO INERT GAS, VAPOR VOLUME 40cc 

A 1 ATM. ADDED ARGON GAS, 

VAPOR VOLUME 40cc 

' Oala) Figure 4 

EFFECT OF REACTION CELL FREE 
VOLUME AND ADDED INERT GAS 

ON THE ZIRCONIUM-WATER 
REACTION 

(60-mil wires ; room-tempera ture 
water) 

(See Table Al for tabular data) 

500 H iS52 ^ 2000 
INITIAL METALTEMPERATURE,C 

Results of Runs in Heated Water 

Several series of runs were made in the h igh-pressure reaction 
cell with heated and degassed water in the absence of air or other inert 
gas. Water temperature was varied from 90 C (vapor p ressu re of 10 psia) 
to 315 C (vapor pressure of 1500 psia). The resul ts of runs in heated water 
are shown in Figure 5. The average line for runs with 60-mil wires in 
room-temperature water was taken from Figure 1 and included on 
Figure 5 for comparison. Reaction in heated water was much more exten
sive than in room-temperature water. The extent of reaction, however, 
did not increase uniformly with water temperature or vapor p re s su re . Re
action was identical in runs with nominal 100 C water and runs made with 
315 C water, even though the pressures were 10 psi and 1500 psi in these 
runs. 



Figure 5 

ZIRCONIUM RUNS IN HEATED WATER 
(60-mi l w ires ) 

(See Table A3, Sect ions I, II, and III, 
for tabular data) 
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Runs in heated water could be divided into explos ive and nonexplo
s ive runs in the same manner as runs in room-temperature water. The 
apparent ignition temperature was ca. 1900 C. The transit ion from runs 
with a slow p r e s s u r e r i se to runs with an explos ive p r e s s u r e r i se was not, 
however , as sharply defined as it was with room-temperature runs. 
P r e s s u r e - t i m e t r a c e s were obtained which appeared to be c o m p o s i t e s of 
both slow and explos ive ra tes . Transient p r e s s u r e t r a c e s reproduced from 
the o s c i l l o s c o p e c a m e r a are shown in Figure 6. The t r a c e s are ordered 
according to the initial metal t emperature; the s team p r e s s u r e had no 
effect on the character of the p r e s s u r e t r a c e s over the range from 19 to 
1500 psia . P r e s s u r e - t i m e plots deduced from the t r a c e s are given in 
Figure 7. Trace b shown in F i g u r e s 6 and 7 appears to represent the con
dition in which about one-half of the reaction resu l t s from part i c l e s re 
acting exp los ive ly (in a few m s e c ) and one-half from part ic les react ing 
s lowly (one-tenth to severa l tenths of a second). Trace a of F i g u r e s 6 and 
7 indicates that the entire metal sample had the slow p r e s s u r e r i se . The 
d and e t r a c e s of F i g u r e s 6 and 7 indicate that the entire sample reacted 
exp los ive ly . 
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Run 
No. 

(a) 
(b) 
(c) 
(d) 
(e) 

F i g u r e 6 

P R E S S U R E T R A C E S F R O M R U N S W I T H 6 0 - M I L 

Z I R C O N I U M W I R E S I N H E A T E D W A T E R 

Initial Metal 
Temp, C, and 
Physical State 

Initial Steam 
Pressure, 

191 1852, Solid 
234 1852, 90<7o Liquid 
230 2100, Liquid 
217 2300, Liquid 
220 2800, Liquid 

32 
1500 
1500 

19 
150 

Final 
Pressure 

Rise, atm^ 

0.42 
3.0 
4.8 
6.1 
5.7 

^Intense return trace gives final pressure rise. 
bMajor grid divisions are 1 cm apart on the scope face. 
^Beam is interrupted once each second. 

Vertical 
Sensitivity, 
atm/cm° 

1.35 
4.75 

11.9 
3.33 
9.50 

Horizontal 
Sweep Rate, 

/ h e 
sec/cm"»^ • 

0.20 
0.20 
0.20 
0.20 
0.20 

F i g u r e 7 

P R E S S U R E - T I M E CURVES TAKEN 
FROM THE OSCILLOGRAMS 

OF FIGURE 6 
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Several runs were made to test the effect of added inert gas on the 
reaction of zirconium in heated water. Water temperature was about 110 C 
(vapor p ressure of 20 psi), and 20 psi of argon was added to the reaction 
cell in these runs. The runs are compared m Figun- 8 with the average 
line (see Figure 5) obtained from all of the heated water runs. The re 
sults indicated that there was no significant effect of 20 psi inert gas. 

S<X10«>"*TS 
MO«aTi CIP1.0SIVC 
nxssuDC msc 

Figure 8 

EFFECT OF 20 PSI ADDED ARGON 
GAS ON REACTION IN 

HEATED WATER 

(SeeTable A3, Part IV, for 
tabular data) 

KXX> OOO • - ISS2 - • 2000 2J00 SOOO 9S00 

IlklTiaL «CTaL TCMPCRATUAC.C 

Results of runs in heated water are plotted as a function of particle 
size in Figure 9. More scatter is apparent than in runs in room-
temperature water (compare with Figure 3). The resul ts are similar to 
those in room-temperature water in that there is no definite break between 
explosive and nonexplosive runs. 

Figure 9 

ZIRCONIUM-WATER REACTION AS A 
FUNCTION OF PARTICLE DIAMETER 

(Heated water; 60-mil wires) 

(See Table A3, Sections I, II, and III for tabular data) 

— I * 'PWMtVW 

«oo aooiooo 
MIM »*IH<i| OiUlfflll.i 
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A series of runs with Zircaloy-3 wires (of nominal 60-mil diam
eter) were made in room-temperature water and in heated water The 
results are plotted in Figure 10. The average line for runs with 60-mil 
zirconium wires is included on the figure for comparison. The resul ts 
show that when the condenser-discharge method is used, there is no de
tectable difference in percent reaction between pure zirconium and 
Zircaloy-3. 

- • RUNS IN WATER AT HOC 
• • EXPLOSIVE PRESSURE RISE 

Figure 10 

RUNS WITH ZIRCALOY-3 

(See Table A4 for tabular data) 

TIAL METAL TEMPERATURE, C 

D. Metallurgical and X-Ray Studies 

A series of photomicrographs ^vere taken of typical part icles ob
tained from the residue of condenser-discharge runs. These are shown 
in Figure 11.** Microscopic studies showed that most part icles were 
very nearly spherical and that most part icles had very uniform oxide films. 
In some cases, a circular zone was apparent between the outer oxide film 
and the interior of the particle. This was reported by LemmonU'^) to be 
an alpha-solid-solution phase consisting of alpha-zirconium containing 
dissolved oxygen. The metal in the interior of the part icles was also alpha-
zirconium; however, it had the somewhat different appearance that is char
acteristic of metal which has been transformed from the beta-phase during 
cooling. 

*Zircaloy-3 is a zirconium alloy containing 0.2 to 0.3 weight percent 
each of tin and iron with t race quantities of other elements. 

**The specimens were mounted in plastic and ground to a 600 grit 
finish. They were neither polished nor etched. 
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F i g u r e 11 

PHOTOMICROGRAPHS OF OXIDIZED ZIRCONIUM PARTICLES 
FROM CONDENSER-DISCHARGE RUNS 

Initial SJetal Temp; 1800 C. Room-temp Watei 
(run 23. crou lecuon of cylinder). 

Iniual Metal Temp; 1852 C; lOOIfc melted. 
Room-lcmp Water (run 90). 

c. Iniual Metal Temp: 18S2 C; 100^ melted; 
Heated Water (ran 200). 

d. Initial Metal Temp: 1900 C; 
Riiom-temp Water (run l.S). 

c. Initial Metal Temp: 2400 C: 
Room -ump Wsiet (tun SOS). 

(. Initial Metal Temp: 2900 C; 
RtKun-icmp Water (run 302). 
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Some of the smaller part icles that had reached very high t empera 
tures had an irregular appearance, which suggested that oxide ^a^ broken 
off during cooling or, in some cases , during procedures for metal lurgical 
preparation Unreacted metal containing large amounts of dissolved oxygen 
Is known to be very bri t t le, which would account for the difference m 
strength for lightly oxidized and heavily oxidized par t ic les . 

Particles obtained from runs in room- tempera ture water were 
uniformly black in appearance, which suggested that no par t ic les were com
pletely oxidized. Many of the smaller par t ic les from runs m heated water 
were pure white, resembling small pear l s , which suggested that they were 
completely reacted. These part icles generally could not be mounted m 
Lucite and ground without damage. 

X-ray diffraction studies were made of par t ic les from runs in room-
temperature and heated water and over a wide range of initial metal tem
peratures. The only phases found to be present in the residue were 
alpha-zirconium and monoclinic zirconium dioxide. The white par t ic les 
showed only monoclinic zirconium dioxide. 

Analyses for the quantity of hydrogen retained by the oxidized speci
mens were made in the Battelle studies.(l'*) It was found that in runs at 
1000 to 1600 C, between 4 and 13 percent of the hydrogen formed in the r e 
action of steam with Zircaloy-2 is absorbed in the sample. Less than 
one percent of the hydrogen was retained in runs at t empera tu res between 
1900 and 2050 C. The Battelle resul ts suggested that a negligible amount 
of hydrogen was retained in runs with fully melted metal . These resul ts 
were the basis for the assumption that the quantity of hydrogen gas col
lected is an accurate measure of the quantity of metal reacted. 
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IV. MATHEMATICAL DESCRIPTION OF REACTION 

Severa l attennpts to compute the tempe ra ture - t ime and react ion-
t ime h is tory of a hot z i rcon ium droplet in water have been made by p r e v i 
ous invest igators . (^' '"t) These inves t igators used the i so thermal data of 
B o s t r o m H ) and were required to extrapolate these data to higher t e m p e r 
a tures . B o s t r o m ' s data and the later data by Lemmon(l'*) indicated a 
large t emperature coeff ic ient of react ion rate (and thus a high act ivation 
energy) . Reaction rates extrapolated from data involving a high act ivat ion 
energy become very fast , e s p e c i a l l y when very l ittle oxide has built up 
on the meta l . 

Exper imenta l re su l t s presented in the previous chapter, however , 
provide s e v e r a l indications that a react ion rate that i n c r e a s e s rapidly 
with temperature is not rea l i zed exper imenta l ly . The resu l t s in Figure 1 
show that very l ittle increased react ion occurs when the initial metal t e m 
perature ts i n c r e a s e d from 1852 to 2600 C in room-tempera ture water . 

It thus became important to cons ider what p r o c e s s e s other than 
diffusion through the oxide f i lm, e s s e n t i a l to a heterogeneous react ion, 
might be s low and hence rate -contro l l ing at high t empera tures . Several 
authors have pointed out that a p r o c e s s of gaseous diffusion is a l so in
volved m the react ion of metal drops with water or s t e a m . ( ' 3 , 2 2 ) n jg 
n e c e s s a r y for water vapor to diffuse to the surface of a partly oxidized 
globule and for the hydrogen generated by the m e t a l - w a t e r reaction to 
diffuse away from the globule. If the rate of this p r o c e s s is s lower than 
rates indicated by extrapolat ion of i sothermal rate data, then c lear ly the 
react ion wil l not proceed at the high extrapolated rates . The increased 
react ion occurr ing in heated water a l so s u g g e s t s that gaseous diffusion 
may play a role . Gaseous diffusion would depend on the vapor p r e s s u r e 
of the water . When this is very low (0.5 psi for r o o m - t e m p e r a t u r e water) , 
the react ion might be s e r i o u s l y impeded. 

A study of the l i terature of gaseous diffusion w a s , therefore , under
taken to de termine how diffusion rates could be formulated and included 
into a ca lculat ion s c h e m e s i m i l a r to those of prev ious inves t iga tors . ' • ' 

A. Calculat ion of C a s e o u s Diffusion Rates 

A react ing metal droplet in a water environment i s sketched in 
Figure 12. The droplet is complete ly surrounded by a g a s e o u s f i lm of 
s t eam and hydrogen. One author has sugges ted that a direct react ion be
tween metal and liquid water is respons ible for rapid react ions . (3) A 
very thorough d i s c u s s i o n of the amount of superheat that can be accepted 
by a liquid was given by Westwater as part of a review of boiling p r o c -
e»«e« . (25 ) Both an argument based on thermodynamics and one based on 
the k ine t i c s of bubble nucleation indicate that a liquid cannot ex i s t , even 
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Figure 12 

HOT METAL SPHERE 
REACTING WITH LIQUID 

WATER 

instantaneously, above a certain tempera ture . 
There would then be a cri t ical temperature 
difference between a hot solid and a liquid 
beyond which liquid could not exist in direct 
contact with the surface of the solid. Unfor
tunately, it is not possible to state an exact 
value for this limiting temperature for a par 
ticular case. For water at one atmosphere, 
the limiting surface temperature is between 
the boiling point (100 C) and the cri t ical point 
(374 C) of water. These temperatures are far 
below the range of interest in metal-water 
studies. It is reasonable, therefore, to assume 
that there is always a complete vapor film 
surrounding the metal droplet. 

It is important to determine whether the 
process of gaseous diffusion can be considered 
as a steady-state process with a constant vapor 
film thickness or whether it must be treated as 
a transient process with a continually enlarging 

film. It is also important to determine how much reaction occurs before a 
diffusion barrier is established. At the instant of creation of the metal 
droplet, there is no hydrogen in the gaseous film and there is, therefore, 
no diffusion barr ier . Initial reaction will be very rapid. It is of interest 
to compute how much reaction is required to produce enough hydrogen to 
form a bubble of radius 2xo, where Xp is the radius of the metal sphere, 
since a film thickness of XQ approaches the size required for a minimum 
rate of gaseous diffusion. 

The volume ratio of 2 moles of hydrogen* to that of one gram-atom 
of zirconium is 3500. Thus 0.2% reaction would result in 7 t imes as much 
gas volume as metal volume, which would produce a bubble having twice 
the radius of the metal droplet. In reality, the bubble would be much larger 
because the average hydrogen temperature would be much higher than 
room temperature. There would be steam in the bubble as well as hydro
gen. It is apparent that a very slight reaction would produce a sizable film 
if the entire quantity of hydrogen were retained in the bubble. As more 
and more reaction occurred, it is likely that bubbles would leave the film 
more or less regularly, resulting in a more or less constant film thick
ness. Both diffusion and heat transfer across the film might then be con
sidered as steady-state processes . 

A previous author has s t ressed the importance of the initial reac
tion, i.e., the reaction of clean metal.(19) It seems clear that the initial 
reaction rate will exceed the steady-state rate . On the other hand, the 

•Hydrogen is assumed to be at 1 atm and room temperature . 
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rapid initial react ion should subside after l e s s than 0.2% of the metal has 
reacted because of the th ickness of the hydrogen f i lm. If the initial 0 2% 
react ion occurred adiabat ical ly , the metal temperature would r i se only 
35 C* The temperature r i se , the extent of react ion, and the quantity of 
hydrogen produced before gaseous diffusion can come into play would be 
rather minor . T h e s e quant i t ies , m o r e o v e r , are independent of part ic le 
s i z e . 

The rate of s t eady- s ta te diffusion of water vapor through a spherical 
s t e a m - h y d r o g e n f i lm can be formulated as a m a s s transfer coeff icient hd 
t i m e s the area of a s p h e r e , 47ixJ, t i m e s the difference in concentrat ion of 
water vapor a c r o s s the f i lm, APw,''RTf, as follows(^^) ( symbols are d e 
fined in Table 1): 

m o l e s H j O / s e c = hd(47TxJ)(APvi,/RTf) (1) 

The m a s s transfer coeff icient can be e x p r e s s e d in the Nusse l t form: 

Nu = hd 2xv'D , (2) 

and the mean fi lm temperature can be taken as an average between the 
metal surface temperature and the bulk water temperature: 

Tf = 7 (Tg + T^) (3) 

Values of the diffusion coeff icient D for the hydrogen-water s y s t e m were 
calculated by Furman.U' ' ) His resu l t s can be represented approximately 
as fo l lows: 

D = Do T } * ? ' P , (4) 

where Do = 6.52 x lO'* (sq cm)(atm) / ( sec ) ( K ' " ) . Substituting Equations 2, 
3, and 4 into Equation I y i e lds 

D„ 2 TT x„ . ..^P^ 

"RT° 
m o l e s H j O / s e c = Nu _° „;^,° ( T , + T w ) ' ' " ^ ^ : (5) 

For purposes of ca lculat ion, it was most convenient to e x p r e s s the 
diffusion rate as the l inear rate at which the oxide f i lm advances into un
reacted meta l when react ion is control led by g a s e o u s diffusion: 

m o l e . H j O / . e c = ~ ^ ( 4 T T X ^ ) ( - ^ ) (6) 
"^m \ ^' /dif fusion 

• T e m p e r a t u r e r i s e is ca. 0.002 t i m e s the heat of react ion divided by the 
spec i f ic heat of metal or (0 .002)(140,000 c a l / g m - a t o m ) / 
(8.0 c a l / g - a t o m / d e g C). 
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The d i f fus ion-cont ro l led r e a c t i o n r a t e is t h e n ob ta ined by c o m b i n i n g E q u a 

t ions 5 and 6 as fo l lows: 

A P w 

A 

D 

AE 

e 

F 

H 

h 

hd 

k 

L 

M 

n 

Nu 

A P., 

P 

Q 

R 

P 

a 

t 

T 

X 

• ( 
1 

NuDoMna 
dx 
<^' 'diffusion 2 ' -^ ' P m ^^ ^' 

Ts + Tw)° (7) 

T a b l e 1 

DEFINITION O F SYMBOLS 

is p r e - e x p o n e n t i a l f ac to r in p a r a b o l i c r a t e law, m g V ( c m ^ ) ( s e c ) 

is specif ic hea t , c a l / (mo le ) (K) o r ca l / (g ) (K) 

s diffusion coefficient , sq c m / s e c 

s ac t iva t ion e n e r g y , k c a l / m o l e 

s total e m i s s i v i t y of oxide s u r f a c e 

s f rac t ion of o r i g ina l m e t a l in l iquid s t a t e 

s heat ing r a t e , c a l / s e c 

.s heat t r a n s f e r coeff ic ient , c a l / ( s e c ) ( s q cm)(K) 

.s m a s s t r a n s f e r coeff ic ient , c m / s e c 

.s t h e r m a l conduct iv i ty , c a l / ( s e c ) ( c m ) ( K ) 

s hea t of fusion, c a l / m o l e 

s m o l e c u l a r weight , g / m o l e 

s m o l e s of hydrogen g e n e r a t e d p e r a t o m of m e t a l r e a c t e d 

,s Nusse l t number 

s p a r t i a l p r e s s u r e of w a t e r v a p o r d r i v i n g diffusion, a t m 

is total p r e s s u r e , a t m 

is heat of r eac t ion , c a l / m o l e 

is gas cons tant , ( c c ) ( a tm) / (mo le ) (K) or ( c a l ) / ( m o l e ) ( K ) 

is dens i ty , g / c c or m o l e s / c c 

s Stefan Bol tzmann cons t an t , c a l / ( s e c ) ( s q cm)(K*) 

is t i m e , sec 

is t e m p e r a t u r e , K 

is r ad ius of u n r e a c t e d m e t a l , l iqu id o r so l id , c m 

s o r ig ina l r a d i u s of u n r e a c t e d m e t a l , c m 
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Table 1 (Cont'd.) 

Subscr ip t s : 

t r e f e r s to the diffusion f i lm 

in r e f e r s to the meta l 

ox r e f e r s to the oxide 

» r e f e r s to the oxide surface 

w r e f e r s to the bulk of the water 

The principal unknown factor in Equation 7 is the Nusse l t number, 
Nu. Fortunately , there is a theoret ica l min imum Nusse l t number, Nu = 2, 
for diffusion or heat transfer to a sphere.(^^^ This o c c u r s phys ica l ly 
b e c a u s e , as the g a s e o u s f i lm i n c r e a s e s in s i ze and the diffusion path b e 
c o m e s longer , the spher ica l area normal to diffusion i n c r e a s e s great ly . 
The greater area o v e r r i d e s the longer diffusion path and a minimum 
Nusse l t number obtains r e g a r d l e s s of how large the diffusion film b e 
c o m e s . If the part ic le i s in violent motion, however , the mean film 
th ickness can become very smal l and the Nussel t number can become 
greater than 2. The theoret ica l min imum value of 2 is approached a c c u 
rately for smal l par t i c l e s which are not in rapid motion. 

B Calculat ion of React ion Rate Control led by So l id-s tate P r o c e s s e s 

The i so thermal oxidation of Zirca loy was shown to be approximate ly 
parabolic in 2 previous s tudies .(•*•''') The parabolic rate law is usual ly 
cons idered to apply when the react ion rate i s control led by s o l i d - s t a t e 
diffusion. The diffusion of e i ther metal ions or oxide ions through the 
crys ta l latt ice of the oxide film is usual ly the s low s tep . If there are no 
ageing e f fec t s in the oxide f i lm, the rate of i n c r e a s e of oxide film th ickness 
( x o - x ) will be i n v e r s e l y proportional to the film th ickness : '2^ ' 

^ r ~ ' ( x o - x ) (8)* 

It is a l so well e s tab l i shed that the Arrhenius equation adequately d e s c r i b e s 
the effect of t emperature on the react ion rate for many metals . ' '^8' 

T , a* fo l lows 

y metals .^'•° ' The 
rate equation can then be e x p r e s s e d in t e r m s of the surface t emperature 

lows: 

dx 1 / AE \ , ^ 
"dT "(x^-x) " P I ' S T ; ] • (9) 

•The usual form of the parabolic rate law is obtained by integrating at 
constant t emperature to yield ( x o - x ) ' « t . 
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If the p r e - e x p o n e n t i a l fac tor of the r a t e equa t ion , A. i s e x p r e s s e d in u n i t s 

of m i l l i g r a m s of m e t a l / s q cm, quan t i ty s q u a r e d p e r s econd , the p a r a b o l i c 

r a t e law b e c o m e s : 

M x \ _ 10-^ A / . _ A £ , \ . (10) 
"Vdt / ^ , . 20^ ( x o - x) V RTg y 

pa rabo l i c ' m ^ " ' 

The s imple p a r a b o l i c r a t e law as e x p r e s s e d in E q u a t i o n s 8, 9. and 
10 does not apply p r e c i s e l y for s p h e r e s . The s i m p l e law i g n o r e s the fact 
that s o l i d - s t a t e diffusion r a t e s a r e a l t e r e d by the changing a r e a n o r m a l to 
diffusion as the t h i c k n e s s of the oxide l a y e r b e c o m e s an a p p r e c i a b l e f r a c 
tion of the s p h e r e r a d i u s . The d i f fe rence in r a t e s is l e s s than 10% un t i l 
25% of the s p h e r e has been r e a c t e d . The effect w a s , t h e r e f o r e , i g n o r e d m 
the p r e s e n t de r iva t ion . The equa t ions d e s c r i b i n g th i s effect a r e d e r i v e d 
in Appendix B. 

C. Calcula t ion of Heat T r a n s f e r R a t e s of R e a c t i n g M e t a l S p h e r e s in 

Water 

The t e m p e r a t u r e - t i m e h i s t o r y of r e a c t i n g m e t a l s p h e r e s in a w a t e r 
env i ronmen t is influenced by the hea t g e n e r a t e d by c h e m i c a l r e a c t i o n and 
by heat l o s s e s by convect ion and r a d i a t i o n f r o m the s p h e r e to the w a t e r . 

Convect ion hea t l o s s r a t e s can be f o r m u l a t e d in t e r m s of N e w t o n ' s 
Law of cooling as follows: 

HcONV = h{47Tx^)(T^ - T ^ ) . ( H ) 

The heat t r a n s f e r coefficient h can be e x p r e s s e d in t e r m s of a N u s s e l t 
number as follows: 

Nu = h(2xo)/k^ . (12) 

The t h e r m a l conduct iv i ty k , r e f e r s to a s t e a m - h y d r o g e n m i x t u r e a t the 
m e a n film t e m p e r a t u r e . T h e r e a r e no e x p e r i m e n t a l da ta ove r the t e m 
p e r a t u r e r a n g e of i n t e r e s t . Only a p p r o x i m a t e m e t h o d s of d i r e c t c a l c u l a 
tion a r e ava i lab le in the l i t e r a t u r e . A v e r y usefu l p r o c e d u r e e x i s t s , 
however , to r e l a t e heat t r a n s f e r r a t e s and diffusion r a t e s when they o c c u r 
s imul taneous ly . The r e l a t i o n is ca l l ed the L e w i s equat ionv^b) ^^d h a s the 
following form: 

hd = h/pfCp^ . (13) 

This appl ies if the diffusion coeff ic ient of the g a s m i x t u r e is n u m e r i c a l l y 
equal to the t h e r m a l diffusivity kf/prC ,. An e s t i m a t e of the t h e r m a l dif-
fusivity for an e q u i m o l a r h y d r o g e n - s t e a m m i x t u r e a t 1600 K was m a d e by 
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a method given by Hirschfelder et a]_.(^9) The calculated value is compared 
with the diffusion coefficient obtained from Equation 4 as follows: 

Thermal diffusivity al 1600 K - -^=-^ sq cm/sec ; 

Diffusion coefficient at 1600 K = — ^ sq cm/sec 

The agreement was considered sufficiently close to justify use of the Lewis 
relation to calculate rates of convective heat loss. The Lewis relation has 
the advantage that it applies for turbulent exchange whether numerical 
equality obtains or not. It can also be shown that the Nusselt numbers for 
gaseous diffusion and heat transfer are identical under these conditions. 

The density of vapor to be used in Equation 13 was obtained from 
the gas laws as follows: 

Pf = l . (14) 
7 '̂ '̂̂ s ^ TJ 

and the specific heat of hydrogen-steam mixtures was approximated as 
follows: 

/T3 * T^. s " " 
Cpf = Cpfo [ p - ^ j , (15)« 

where 

Cpfo = Z.ZZ ( ca l ) / (mole ) (K '" ) 

Substituting Equations 13, 14, and 15 into Equation 11 yields 

PCpfo /Tg . T ^ . \ " ° " 
"CONV '-^'i R \ i / (4TTXJ)(T3 - T^) . (16) 

and hd can be eliminated in t e rms of Equations 2 and 4 to yield 

47TDoCpfo 
"CONV ^ N" „ . , , '^o(Ts * T^)° " (T , - T^) (17) 

R 2 

The radiation heat loss is given by the Stefan-Bolt/.mann equation 
as follows: 

" R A D =«o(4"xJ)(T« - Tl) , (la) 

where 47:x^ is the spherical area. 

• Data were computed from Ref. 30, assuming an equimolar mixture. 
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Heat generated by reaction is proportional to the reaction ra te , 
which is equal to the product of the surface area of unreacted metal , 
4^^2^ at any time and the rate at which the oxidation front moves into 
the metal: 

HREAC = Q P m 4 - - ^ ( - i r ) • ' ' ' ^ 

The foregoing heat generation and loss t e rms can be combined into 
an overall heat balance as follows: the rate of change of the metal tem
perature is proportional to the rate of heat generation less the rate of 
heat loss, or 

/ 4 3\ '̂ '̂ m _ „ TT H ( 2 0 ) 

CpmPmU'^ """) " d ^ ^ " R E A C " "^CONV ' RAD ' 

4 where —TT XQ is the volume of the sphere. 

Equation 20 does not describe the heat balance when the metal tem
perature reaches the melting point. At that point, heat is absorbed or 
evolved without a change in metal temperature . Allowance for this was 
made by using the following expression at the melting point: 

LPm ( r -0 ) ^ = " R E A C - "CONV " " R A D ' ^''^ 

where F is the fraction of original metal melted. For a computation in 
which the metal temperature is decreasing toward the melting point. 
Equation 21 would be used when the metal temperature reached 1852 C. 
The variable F would have an initial value equal to the fraction of original 
metal that had not yet reacted, (X/XQ)^. Equation 21 would then be used until 
F reached zero, corresponding to a fully solidified part ic le . Fur ther com
putation would be made on the basis of Equation 20 as the tempera ture 
continued to decrease. 

It was assumed, for simplicity, that the radius of the sphere, XQ, 
was constant throughout the reaction and equal to the initial radius of un
reacted metal. This ignores the fact that the sphere gains weight during 
the reaction and that the density of oxide is less than that of the metal . 
The volume increase of a completely reacted part icle is the Pilling-
Bedworth rat io,* which is 1.56 for zirconium. The radius of the sphere 
would therefore increase by a factor equal to the cube root of 1.56 or 
only 16%. The specific heat and density of the spherical par t ic les were 

•Ratio of the molar volume of ZrO^ to that of Zr. 
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a l s o c o n s i d e r e d to be constant throughout th<- react ion. Actually, the 
spec i f ic heat would i n c r e a s e while the density would d e c r e a s e The error 
in one as sumpt ion is part ial ly cance l l ed by the other. 

D- Calculat ion of T e m p e r a t u r e Drop A c r o s s the Oxide F i l m 

Some authors have emphas i zed the importance of the heat - insulat ing 
effect of the oxide f i lm on m e t a l - g a s reac t ions . ( '^ ) This i s a very compl i 
cated factor to formulate p r e c i s e l y . A f irst approximation to descr ibe this 
effect i s to equate the heat fiux from the surface by convect ion and radiation 
to the equation for s t e a d y - s t a t e heat conduction through a spher ica l shel l 
of inner radius x and outer radius XQ (see Eckert , (26) page ^5). 

XflX 
"CONV * H R A D = • l -kox ( T m - T s ) (22) 

X Q - X 

E. Summary of Equations 

The final equations used in the computer studies are s u m m a r i z e d 
as fol lows (groups of constants are represented by symbols which are 
defined in Table 2): 

Diffusion Rate: 

• ( " d r L r r = ^ - ( T , . T w ) ° " - ^ (23) 
* ° ' 'd i f fus ion x' P 

Parabol ic Rate Law: 

"V";^) = ~ — <•"? ( - -r-) (24) 
^ '^''parabolic x<, - x ^ V 1 ̂  / 

Rates are computed from Equation 23 and Equation 24. The react ion is 
a s s u m e d to follow whichever rate is s lower at any t ime . 

Heat Balance: 

Wx^ ^ = Nx^ (- ^ ) - Yx'o(T^TV) - Uxo(T, + TwJ° " ( T s - T w ) 

(25) 

At the mel t ing {>oint. 

L'x i ^ = Nx^ (- ^ ) - Yx^(Ti-Tj , ) - Ux„(T„iTw)° " ( T . - T w ) . (26 
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T e m p e r a t u r e Drop th rough Oxide F i l m : 

z i l 2 ^ ( T - T J = Y x ^ o ( T | - T t , ) + U X „ ( T 3 + T ^ ) ° - « M T S - T „ ) . (27) 
xo-x "^ 

Tab le 2 

DEFINITION O F CONSTANTS USED IN 
C O M P U T E R STUDIES 

/ DoMm 
K = ) Nu Y = 47TQprn 

\ 2 ' - ' « R n p m ' 

„ l O - ' A __ I 4^DoCpfo , ^ ^ 
7 „ 2 

2 p m 

_ / 47rDoCpfo \ 

~ V 2i-^^R / 

4 
G = A E / R '^' = T •^^^m 

4 
W = jTTCpmPm 

N = 47TQpm 
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V RESULTS OF ANALOG COMPUTER STUDY 

The equations descr ib ing m e t a l - w a t e r react ions , developed in the 
preceding chapter, were programmed on the PACE Analog Computer. The 
programming p r o c e d u r e s are descr ibed in detail m Appendix C. Absolute 
t e m p e r a t u r e s , K, were used in the theoret ica l s tudies; however, the tabu
lated r e s u l t s are given in d e g r e e s , C. 

A Metal Property Values 

The va lues of the constants used in the computer study are given 
in Table 3. The spec i f ic heat and heat of react ion of z irconium were d e 
duced from data compi led by Glas sner . (̂  l ) Accordingly , a value of 
8 0 c a l / ( m o l e ) ( K ) was taken as the speci f ic heat of z irconium over the 
t emperature range from 1750 to 3900 K. Heat of react ion var ied i r r e g u 
larly with t emperature because of phase transi t ions- An average value 
of - 1 4 0 . 5 k c a l / m o l e * was taken as the heat of react ion of molten z irconium 
with s t eam. 

Table 3 

VALUES OF CONSTANTS USED IN COMPUTER STUDIES 

C speci f ic heat of meta l , 8.0 ca l / (mole ) (K) 
pnn 

k thermal conductivity of oxide, 0.006 c a l / ( s e c ) ( c m ) ( K ) 

L heat of fusion of meta l , 4900 c a l / m o l e 

M atomic weight of meta l , 91 22 g / a t o m 

n m o l e s of hydrogen generated per atom of metal reacted, 2 

Q heat of react ion, 140 5 k c a l / m o l e 

R gas constant, 1.987 ca l / (moIe) (K); 82.06 (cc ) (a tm/ (mole ) (K) 

p meta l densi ty , 6.5 g / c c 

Stefan Boltzmann constant, 1 37 x 10"'^ c a l / ( s e c ) ( s q cm)(K'*) 

m 

Studies of the e m i s s i v i t y of oxidized z i rcon ium were reported by 
Lemmon ( '4 ) Most of these s tudies were made with the oxygen uniformly 
distr ibuted within the meta l . M e a s u r e m e n t s made immedia te ly after oxida
tion, before the oxide film could d i s s o l v e in the meta l , gave a m a x i m u m 
value of 0.67 at the test t emperature of 800 C. It appeared l ikely that this 
was a min imum value because of the trans ient character of oxide f i lms on 
z i rcon ium in a vacuum environment at high temperature It was therefore 
decided to use the nnaximum e m i s s i v i t y of 1.0 for the computat ions It was 
expected that this would lead to some cancel lat ion of e r r o r s in the hea t - l o s s 
ca lcu la t ions because the Nusse l t number (Nu = 2) chosen to represent con
vect ion cool ing ra tes was the theoret ica l min imum value. 

•Value of heat of react ion at room temperature is - 145.9 k c a l / m o l e . 



34 

B T r i a l - a n d - e r r o r Computa t ion of the R a t e C o n s t a n t at 1852 C 

The only unknown f a c t o r s r e m a i n i n g in the equa t ions a r e the 2 con 
s tants of the pa rabo l i c r a t e law, A and AE, and the r a t i o A P ^ / P . Th i s 
l a t t e r r a t io should be unity for r uns in h e a t e d w a t e r when no s ign i f i can t 
quanti ty of ine r t gas is p r e s e n t . Under t h e s e cond i t ions the v a p o r p r e s 
s u r e of wa te r at the w a t e r - g a s i n t e r f a c e (see F i g u r e 12) is equa l to the 
total p r e s s u r e . 

Calcula t ions w e r e m a d e with a s s u m e d v a l u e s of A and AE for the 
case of sol id me ta l s p h e r e s at the me l t i ng t e m p e r a t u r e [Ts(i) = 1852 C, 
F(i) = 0.0]. A sphe re of d i a m e t e r 0.21 c m (XQ = 0.105 cm) was u s e d for 
the ca lcula t ions b e c a u s e s p h e r e s of th is d i a m e t e r have the s a m e s u r f a c e -
to -vo lume ra t io as the 6 0 - m i l w i r e s u s e d in the e x p e r i m e n t a l s t u d i e s . 
The expe r imen ta l value for the ex ten t of m e t a l - w a t e r r e a c t i o n u n d e r t h e s e 
conditions was about 8 p e r c e n t r e a c t i o n . 

T r i a l runs with the c o m p u t e r w e r e m a d e with a s s u m e d v a l u e s of 
AE of 35, 45, and 55 k c a l / m o l e . The va lue of A was v a r i e d at c o n s t a n t 
AE until the computed extent of r e a c t i o n was wi th in the r a n g e of e x p e r i 
menta l v a l u e s . * The effect of A on the c o m p u t e d ex ten t of r e a c t i o n is 
indicated in F i g u r e 13 for an a s s u m e d e n e r g y of a c t i v a t i o n of 45 k c a l / m o l e 
The r e s u l t s in the f igure ind ica te that the to ta l ex t en t of r e a c t i o n is v e r y 
sens i t ive to the value of A u s e d in the ca l cu l a t i on . The c o m p u t e d 
t e m p e r a t u r e - t i m e and extent of r e a c t i o n - t i m e c u r v e s a r e g iven in F i g u r e 
for 35 and 55 k c a l / m o l e . The n u m e r i c a l r e s u l t s a r e g iven in Tab le 4. 
The t e m p e r a t u r e - t i m e c u r v e s in F i g u r e 14 ind i ca t e tha t the c o u r s e of the 
reac t ion is nea r ly independent of the va lue a s s u m e d for the a c t i v a t i o n 
energy AE for these ini t ia l cond i t ions . 

14 

F i g u r e 13 

VARIATION OF THE C O M P U T E D E X T E N T O F 
REACTION WITH P R E - E X P O N E N T I A L F A C T O R 

A s s u m e d Act iva t ion E n e r g y , 45 k c a l / m o l e 

PRE-EXPONENTIAL FACTOR'A.(mg Zr/sfl Cm j ^ /sec 

In i t ia l Condi t ions 
Sphere D i a m e t e r : 
M e t a l T e m p e r a t u r e : 
P h y s i c a l S ta te : 
Hea t ed W a t e r : 

0.21 c m 
1852 C 
Solid 
A P w / P = 1 

•Preliminary experimental data indicated values of 9 to 9. 5% reaction rather than the 8'i'o quoted above. 
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Figure 14 

COMPUTED REACTION AND TEM
PERATURE FOR TWO VALUES OF 

ACTIVATION ENERGY 

00 02 o« o« oa 10 a •« •• 

Table 4 

COMPUTED RESULTS FOR ASSUMED VALUES OF 
ACTIVATION ENERGY 

Initial Conditions 
Sphere Diameter: 0.21 cm 
Metal Temperature: 1852 C 
Phys i ca l State: so l id 
Heated Water: A P ^ / p = 1 

Activation 
Energy AE, 
k c a l / m o l e 

35 

45 

55 

Value of A 
Required to Produce 

9% Reaction 
(mg Z r / s q c m ) V s e c 

2.52 x 10' 

29.5 X 10' 

316 X 10' 

Rate 
Constant* 
at 1852 C, 

(mg Z r / s q c m ) ' / s e c 

633 

695 

695 

Rate Constant = A exp 
V RT / 

A nnore detai led study of the computer solution for one particular 
c a s e is g iven in Figure 15. The di f fus ion- l imited and the parabolic law-
l imi ted react ion rates are included in the f igure. The computer responds 
to whichever rate is lowest at any given t ime. The initial react ion is 
contro l led by diffusion; heat is produced at a greater rate than it is lost . 
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The heat is absorbed in the melting process . Before melting is complete, 
however, the reaction becomes controlled by the parabolic rate law, and 
the reaction slows down. The specimen begins to lose heat at a greater 
rate than it is being generated, and freezing occurs . Finally, rapid cool
ing occurs after the sample has fully solidified. The greater part of the 
reaction occurs isothermally at 1852 C under these conditions. The reac
tion rate constant, A(exp - A E / R T ) , at 1852 C required to produce 9% 
reaction is nearly independent of the value assumed for the activation 
energy AE, as shown in the final column of Table 4. 
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Figure 15 

COMPUTER SOLUTION FOR 
REACTIONS OF ZIRCONIUM 

SPHERE WITH WATER 

Activation Energyc 45 k^cal/mole 

Initial Conditions 
Sphere Diameter: 0.21 cm 
Metal Temperature: 1852 C 
Physical State: Solid 
Heated Water: A P ^ / p = 

C. Comparison of Rate Constants with Those of Previous Investigators 

Values of 633 to 695 (mg Zr / sq cm)7sec, depending on the value of 
the activation energy, were obtained for the constant of the parabolic rate 
law at 1852 C in the previous section. It was of interest to compare these 
values with those reported by previous investigators. Studies of the reac
tion of Zircaloy-2 with water, reported by Bostrom,(4) and studies of the 
reaction with steam, reported by Lemmon,(1"*) were examined in part icular . 
Neither investigator considered the possibility that the reaction might 
have been limited by gaseous diffusion during the early part of a run. Re
sults reported by Bostrom at 1750 C deviated seriously from the parabolic 
slope on a plot of the log of hydrogen gas evolved vs^ the log of t ime. The 
reaction appeared to be somewhere between parabolic and l inear. A 
careful analysis of this and other runs indicated that the deviation from 
the parabolic slope might have been due to an initial rate which was lowered 
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b e c a u s e of a diffusion l imitation or for other r e a s o n s . * A method of ob
taining the parabol ic rate constant from such data is outlined in Appendix D. 

The result ing rate constants are plotted as a function of rec iprocal 
t emperature in F igure 16. The reaction rate at the melting point obtained 
from the c o n d e n s e r - d i s c h a r g e studies is a l so included on the figure. The 
(al l ing-off of the Batte l le data above 1300 C is not understood. The value 
obtained from the c o n d e n s e r - d i s c h a r g e studies is more in line with 
B o s t r o m ' s data. The line drawn in Figure lb corresponds to an activation 
energy of 45.5 kcal^ mole and fits c o n d e n s e r - d i s c h a r g e data, B o s t r o m ' s 
data, and the low- temperature Battel le data. The activation energy ob
tained in this way was used for further computer s tudies . The integrated 
form of the rate law, determined in this way, is as fol lows: 

33.3 X lO't e xp \ R r) 
where w is the weight of z irconium reacted per unit surface area in 
m g / s q c m and t is t ime in s e c . The rate law e x p r e s s e d in the units 
employed in the Battel le studies b e c o m e s 

.. o , .,,« I 4 5 , 5 0 0 \ 
4.82 X lO't exp ^- ^^ j . 

where V is the volume of hydrogen at standard conditions evolved per unit 
surface area in cc Hj (STP) / sq c m , and t is time Te in min. 

Figure 16 

E F F E C T OF TEMPERATURE ON THE 
ZIRCONIUM-WATER REACTION 
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D. C a l c u l a t i o n ^ l ^ e a c t i o i ^ i n i i i i i i i : ^ ^ 

Tentative values of the constants of the parabolic rate law were 
determined in the previous section by reference to a single set of exper i -
mentaTresults in heated water and by reference to isothermal studies of 
2 previous investigators. 

1 Effect of Variations of the Emissivity and the Nusselt Number 

Several additional calculations were made for solid spheres 
of 0 21-cm diameter at the melting temperature; the constants determined 
in the previous section were used. Increasing the Nusselt number to 3 
decreased the extent of reaction from 9.55 to 8.65%. Decreasing the 
emissivity from 1 to 0.75 increased the reaction from 9.55% to 11.4/o. 
The variations of emissivity and Nusselt number altered the resul ts only 
slightly more than the uncertainty in the experimental resu l t s . 

2. Effect of Initial Temperature and Par t ic le Size 

It remains to compute results for a variety of initial metal 
temperatures and particle sizes and compare them with experimental 
results. Complete computed results for runs in heated water ( A P H J O / P = 1) 
are summarized in Table 5. Computed temperature- t ime and percent 
reaction-time curves for spheres of diameter 0.21 cm are plotted in 
Figure 17 for a series of initial metal temperatures . 

COMPUTID RESULTS FOR THE REACTION OF 
ZIRCONIUM SPHERES WITH HEATED WATER 

I A P „ ( P • 1.01 

Sphere 
Diameter, 

cm 

0.21 
0.21 
0.21 
0.21 
0.21 
0-21 
0-21 

0-105 
0-105 
0-105 
0-105 

0-052 
0.052 
O052 
0-052 

0-026 
0-026 

0-026 

Temperature 

K 

1700 
1850 
2125 
2125 
2125 
2400 
2900 

2125 
2125 
2«10 
2900 

2125 
2125 
240O 
2900 

2125 
2400 

2900 

C 

1427 
1577 

1852 
1852 
1852 
2127 
2627 

1852 
1852 
2127 
2627 

1852 
1852 
2127 
2627 

1852 
2127 

2627 

Init ial 
Ptiysical 

State 

Solid 
Solid 
Solid 

50^ Liquid 
Liquid 
Liquid 
Liquid 

Solid 

Liquid 
Liquid 
Liquid 

Solid 
Liquid 

Liquid 
Liquid 

Liquid 
Liquid 

Liquid 

Temperature, 
C 

1500 
1852 
1852 
1852 
2120 
2200 
2627 

1852 
2800 

2800 
2800 

3550 
3550 

3550 
3550 

4300 

4300 
4300 

of Final Value, 

sec 

0-12 

0-20 
0.26 
0.31 
0.35 
0.36 

0.32 

0.12 

0-23 
0-22 
0-22 

0-100 
0-095 
0-094 

0.090 

0.042 
0.042 

0-042 

Time to 

Cool to 
1500 K (1227 Cl, 

sec 

0.61 
1.04 

1.24 
1.50 
1.63 
1-70 

1-73 

0.56 

0.81 
0.81 
0.81 

0.33 
0.32 
0.32 

0.31 

0.095 
O095 
0.095 

Final 

Extent of 
Reaction, 

* 
2.85 

7.55 
9.25 

10.65 
13.8 

14.5 
15.7 

13.4 
39.3 

39.5 
39.6 

69.2 

69.2 
69-2 

69-3 

84-2 

84.2 
84-2 
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The results show that the metal temperature is able to rise considerably 
•bove the melting teniperature when the metal is fully melted initially. 
A run with an initial temperature of 2127 C showed only a slight tempera
ture rise. A run with an initial temperature of 2627 C showed an 
immediate temperature decrease , reaching a level of about 2200 C. An 
examination of the equations showed that, so lung as the reaction is 
diffusion controlled, there is an equilibrium temperature at which the 
rates of heat generation balance the rate of heat loss. The temperature 
would remain nearly constant until 100 percent of the metal reacted if it 
were not for the rate decrease caused by parabolic rate law. 

Figure 17 

COMPUTED REACTION AND TEMPERATURE 
FOR 0.21-cm-DIAMETER ZIRCONIUM SPHERES 

IN HEATED WATER 

(Curve Labels are Initial Metal Temperatures 
and Percentages of Metal Melted) 

Computations were also made for sphere diameters of 0.105. 
0.052, and 0.026 cm. The temperature- t ime and the extent of reaction-
time curves are plotted in Figure 18 for the case of fully melted spheres 
initially at the melting point. The results predict that reaction rates 
increase greatly with decreasing particle size. The time required to 
complete one-half of the final extent of reaction is listed for all of the 
computed runs in Table 5. The times required for the part icles to cool 
to 1227 C (1500 K) are also listed in the table. The 1500 K temperature 
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was chosen arbitrarily as a temperature below which little if any reaction 
occurs It also approximates the temperature at which part ic les no longer 
appear luminous on the high-speed motion picture film used in experi 
mental studies.* 

Figure 18 

COMPUTED EXTENTS OF REACTION AND 
TEMPERATURES FOR MOLTEN 

ZIRCONIUM SPHERES IN 
HEATED WATER 

(Numbers Indicate Sphere Diameters) 

The computed curve for a particle diameter of 0.052 cm is 
one of those given in Figure 18. Computed resul ts for a ser ies of initial 
metal temperatures are given in Table 5 and indicate that the temperatures 
rapidly approached the equilibrium value of 3550 C regardless of the initial 
metal temperature, even for initially solid metal at the melting point. 
Rapid cooling occurred as soon as the rate determined by the parabolic 
law assumed control of the reaction. The resul t is that the final extent of 
reaction (69.2%) is independent of the initial metal temperature .** 

*Typical film sequences are shown in Ref. 1. 

**The lowest temperature investigated for this case was 1852 C with 
the metal initially solid. The extent of reaction would decrease 
sharply at some lower initial temperature . 
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3- T e m p e r a t u r e Drop A c r o s s the Oxide F i l m 

The temperature drop a c r o s s the oxide f i lm was d e s c r i b e d , 
approx imate ly , by Equation 27, Chapter IV. The metal temperature T ^ 
was recorded on the computer c u r v e s , and the surface temperature T 
de termined the react ion rate and the heat l o s s rate. Computations indi
cated that the temperature drop, T ^ - T , , was significant only after con
s iderable react ion had o c c u r r e d , i . e . , when a thick oxide f i lm was present . 
P a r u c l e s having a d iameter of 0.21 c m reacted only to the extent of about 
1 5% (see F igure 18). The max imum temperature drop during these runs 
was about 35 C and o c c u r r e d while the metal was cooling through the 
melUng point. P a r t i c l e s having a d iameter of 0.105 cm reacted to the 
extent of 40% and had a max imum temperature drop of the order of 100 C. 
F iner p a r t i c l e s reacted to a sti l l greater extent and had correspondingly 
grea ter d i f f erences between the metal temperature and the surface 
temperature-

-An assumpt ion that the metal was always at the same t e m p e r a 
ture as the oxide surface would have changed the computed re su l t s slightly-
No important changes in the character of the r e s u l t s , however , would have 
o c c u r r e d . 

•*• C o m p a r i s o n of Computed Extent of Reaction with Exper imenta l 
Va lues 

Computed re su l t s for final extent of react ion are plotted as a 
ftinction of initial metal t emperature for the part ic le s i z e s studied in 
F igure 19. Exper imenta l points for runs in heated water are included on 
the figure- Numbers adjacent to the points are the measured mean part ic le 
dian^eters. The r e s u l t s show that the exper imenta l points fall general ly 
within the ranges defined by the computat ions . The computed re su l t s in 
F igure 19 indicate that only sl ightly more react ion o c c u r s with metal heated 
to very high t e m p e r a t u r e s than that occurr ing with metal at the melting 
point so long as the metal is fully melted init ial ly . 

Experinnental data for runs in heated water were plotted as a 
function of the part ic le d iameter in Figure 9. The theoret ica l curve on the 
f igure IS the computed extent of react ion for fully melted metal at the m e l t 
ing F>oint. This curve would differ very l i tt le from one based on higher 
initial metal t e m p e r a t u r e s . The c o m p a r i s o n between the exper imenta l 
points and the theoret ica l curve s e e m s sa t i s fac tory . Exper imenta l runs in 
which the metal was not fully melted (part ic le d iameter of 2300 fi) under
standably had l e s s total react ion than va lues indicated by the theoret ica l 
curve-
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Figure 19 

COMPARISON OF COMPUTED AND 
EXPERIMENTAL RESULTS OF 

ZIRCONIUM RUNS IN 
HEATED WATER 

• -COMPUTED (NUMBERS INDICATE MEAN PARTICLE 
DIAMETER I N ^ ) 

EXPERIMENTAL (MEAN PARTICLE DIAMETER IS 
2 3 0 0 fl UNLESS MARKED OTHERWISE) 

WATER TEMPERATURE 
9 0 - 1 2 5 C • I 4 0 - 2 0 0 C 
2 S 0 - 3 I 5 C • • * EXPLOSIVE RUNS 

* ^ 4 9 5 

— 2 6 0 

-1852 

INITIAL METAL TEMPERATURE, C 

2000 2 5 0 0 3 0 0 0 3 5 0 0 

5. Comparison of Computed Reaction Rates with Experimental 
Pressure Traces 

Experimental pressure t races were plotted in Figure 7 for 
runs in heated water. These are replotted in Figure 20 along with the 
computed extent of reaction v^ time curves obtained with values of initial 
metal temperature and particle diameter similar to those of the experi
ment. The rate curves were almost identical when the metal was not 
melted (see Figure 20a). It was pointed out previously that experimental 
pressure traces appeared to be composites of a slow reaction and a very 
rapid reaction for runs in the molten metal range. It is evident from the 
figure that the computations do not predict the rapid reactions which are 
observed in the more energetic runs. 



Figure 20 

COMPARISON OF EXPERIMENTAL AND THEORETICAL 
PRESSURE-TIME CURVES FOR RUNS IN HEATED WATER 
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An examination of the equations showed that the Nusse l t 
number i s the principal factor controll ing the reaction rate in the early 
s tages of reaction- It was a lso evident that a considerable increase over 
the minimum value of 2 would be required to account for high observed 
rates . The effect of a large increase in Nusse l t number was invest igated 
on the computer for a large part ic le (diameter of 0.508 cm) with the use 
of 55 k c a l / m o l e for the activation energy. The r e s u l t s , shown in Table 6, 
indicate the t ime to complete one-half of the reaction is d e c r e a s e d by a 
factor of 5 when the Nusse l t number is increased from a value of 2 to a 
value of 16. The total extent of reaction is relat ively unaffected by 
changes up to Nu = 8, but d e c r e a s e s somewhat at stil l higher va lues . 

It is important at this point to cons ider the causes of an 
increased Nusse l t number ( increased diffusion rate). Nusse l t numbers 
increase when there is rapid motion or increased turbulence.* It, there 
fore , s e e m e d likely that the reacting part ic les were in rapid motion in runs 
that showed the rapid p r e s s u r e r i s e . This was conf irmed when h igh- speed 
"s treaks" indicative of rapid part ic le motion were noted on the Fastax 
motion p ic tures of runs in r o o m - t e m p e r a t u r e water . The s treaks were 

*Rapid motion or turbulence physical ly r e m o v e s the hydrogen blanket 
surrounding par t i c l e s and would thereby increase the rate of both the 
diffusion and cooling p r o c e s s e s . 
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^",rTrr„;". s ;",ariic..e<, p„.ici. v^io.,.,.. o, ..=o.<,„ o, 
20 to 50 ft/s 

Table 6 

EFFECT OF NUSSELT NUMBER ON THE REACTION 
RATE FOR A LARGE PARTICLE 

Initial Conditions 
Sphere Diameter: 
Metal Temperature: 
Physical State: 
Heated Water: 
Activation Energy: 

0.508 cm (0.2 
1852 C 
solid 
A P w / P / 1 
55 kcal /mole 

in.) 

Nusselt 
Number 

2 
4 
8 

12 
16 

Time for Reaction 
to Reach One-half 
of Final Value, sec 

1.10 
0.60 
0.39 
0.28 
0.24 

Time to Cool 
to 1500 K (1227 C) 

sec 

4.10 
3.40 
2.45 
1.82 
1.41 

Final 
Extent of 
Reaction, 

% 

6.85 
7.00 
7.40 
5.70 
4.63 

Rapid particle motion could have been caused initially in energetic 
runs by momentum imparted to part ic les by the electr ical ly exploded wire. 
The streaks, however, pers is ted for several mill iseconds even though the 
discharge required only 0.3 msec . It was most likely that the reaction 
process itself was responsible for sustaining part ic le motion. Apparently, 
the rapid evolution of hydrogen was able to provide a thrust which propelled 
particles rapidly and irregularly through the water. Par t ic le motion would, 
therefore, slow markedly when the reaction passed from the diffusion-
controlled regime to the slower kinetically controlled reg ime. It would not 
be correct , then, to compute the reaction on the bas is of an increased 
Nusselt number for an entire run. It would be more nearly cor rec t to 
relate the Nusselt number to the reaction rate in some way. It was be 
lieved, however, that such an additional complication would tend to 
obscure the interpretation of computed resu l t s . 

The equations were examined to determine the effect of an 
increased Nusselt number only during the period of diffusion control. The 
time spent by the reaction in the diffusion regime would be decreased. 
The total extent of reaction, however, would be relatively unchanged. This 
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resulted from the fact that both the heat generation rale (diffusion rate) 
and the principal heat loss mechanism (for small part icles) , convection, 
were both increased equally by an increased Nusselt number. 

It was assumed, therefore, that rapid reactions would reach 
the sanne final extent of reaction as they would if rapid particle motion 
had not occurred. The only effect of particle motion was to speed the 
reaction through the diffusion regime. 

The appearance of a composite reaction in experimental runs 
suggested that only certain of the part icles produced in runs arc able to 
undergo the rapid reaction. This further suggested that there was a critical 
part icle size- Par t ic les smaller than the crit ical size are able to undergo 
rapid motion and therefore react rapidly. Larger part icles undergo the 
slower reaction. 

Experimental results shown in Figure 3 indicate that the 
cr i t ical part icle diameter separating explosive and nonexplosive runs is 
ca 500 u in room-tempera ture water. Experimental results shown in 
Figure 9 indicate that the cri t ical particle diameter is ca 1000 fi (1 mm) 
in heated water. The lack of a sharp break in the extent of reaction cor
responding to the crit ical diameters in Figures 3 and 9 tends to verify 
the assumption that the only effect of an increased Nusselt number is to 
speed the reaction through the diffusion regime. 

E. Calculation of Reaction in Room-temperature Water 

1. Effect of Water Vapor P r e s s u r e 

Experimental resul ts showed that the extent of reaction of runs 
in room-tempera ture water was much less than in similar runs in heated 
water. The most likely cause of this was thought to be a decreased rate of 
gaseous diffusion resulting from the low vapor p ressure of room-temperature 
water. It was shown in the calculation of the diffusion rate (see Equation 7, 
Chapter IV) that the diffusion rate is proportional to A P ^ / P , where AP^ is 
the difference in water vapor p re s su re at the liquid water surface and the 
hot metal surface, and P is the total p res su re . It was assumed that the 
metal reac ts with all the water vapor reaching the metal surface so that 
the partial p ressu re of water vapor at the metal surface is zero. The 
quantity AP^ is then equal to the vapor p ressure of water at the water-
water vapor interface. In most of the runs, there was no air or added 
inert gas, so that the vapor p ressu re of the water was also the total p r e s 
sure . The te rm LP^/P would be unity. Consider the value of A P ^ / p 
after some metal-water reaction had occurred. A 10 percent reaction of 
the 60-mil specimen in either reaction cell would yield a hydrogen pressure 
of about 0.5 atm. If the water surface is assumed to remain at its original 
t empera ture , the following values of A P ^ / p would obtain at various water 
t empera tures after 10% reaction: 
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Water 
T e m p , C 

25 
100 
200 
300 

Water V a p o r 
P r e s s u r e , 

0.03 
1 

15 
85 

a t m 

A P ^ / P a f te r 
10% M e t a l - W a t e r 

R e a c t i o n ^ 

0.057 
0.67 
0.97 
0.99 

^ A P ^ / P is equa l to (vapor p r e s s u r e ) / 
(0.5 a t m + v a p o r p r e s s u r e ) for t h e s e 
condi t ions . 

The above table shows how the d i f f u s i o n - l i m i t e d r e a c t i o n r a t e m i g h t be 
t r e m e n d o u s l y r e d u c e d in 25 C w a t e r , bu t not b e s e r i o u s l y a f fec ted in 
hea ted w a t e r . 

Compu te r c a l cu l a t i ons w e r e then m a d e a s b a s e d on the a s 
sumpt ion that the w a t e r su r f ace t e m p e r a t u r e ( T ^ g in F i g u r e 12) did not 
change dur ing r e a c t i o n . R e s u l t s i n d i c a t e d tha t t h e r e shou ld b e v i r t u a l l y 
no r e a c t i o n in r o o m - t e m p e r a t u r e w a t e r . It w a s c l e a r , t h e n , t h a t the w a t e r 
sur face facing r eac t i ng p a r t i c l e s does not r e m a i n a t the bu lk w a t e r t e m 
p e r a t u r e . The e x p e r i m e n t a l fact of a d e c r e a s e d r e a c t i o n in r o o m -
t e m p e r a t u r e w a t e r , h o w e v e r , i n d i c a t e d tha t the w a t e r d o e s not r e a c h the 
boil ing point . R a t h e r , the w a t e r s u r f a c e t e m p e r a t u r e and the c o r r e s p o n d 
ing vapor p r e s s u r e a r e i n t e r m e d i a t e bet 'ween t h e s e 2 l i m i t s . 

Two a s s u m p t i o n s w e r e t e s t e d on the c o m p u t e r . The f i r s t 
method a s s u m e d tha t the w a t e r s u r f a c e t e m p e r a t u r e w a s an a v e r a g e of the 
bulk wa t e r t e m p e r a t u r e and the bo i l ing poin t d e t e r m i n e d by the changing 
total p r e s s u r e . Th i s a s s u m p t i o n r e q u i r e d the i n s e r t i o n of v a p o r p r e s s u r e 
data into the computa t ion by m e a n s of a funct ion g e n e r a t o r . C o m p u t a t i o n s 
w e r e made for 3 c a s e s with 6 0 - m i l s p e c i m e n s ( p a r t i c l e d i a m e t e r of 0 . 2 1 c m ) 
in r o o m - t e m p e r a t u r e w a t e r : 

1) r u n s having a ce l l f r e e v o l u m e of 40 cc and no added 
i n e r t gas ( n o r m a l r u n s ) ; 

2) r uns with a f ree vo lume of 160 cc and no added i n e r t g a s ; 
and 

3) r uns having 1 a t m of added i n e r t g a s wi th 4 0 - c c f r e e 
v o l u m e . 

The computed r e s u l t s a r e c o m p a r e d with e x p e r i m e n t a l r e s u l t s in F i g 
u r e 21 . I n c r e a s e d cel l vo lume i n c r e a s e d the c o m p u t e d r e a c t i o n b e c a u s e 
t h e r e was a l o w e r e d to ta l p r e s s u r e g e n e r a t e d by the evolv ing h y d r o g e n . 
Added i n e r t gas d e c r e a s e d the c o m p u t e d r e a c t i o n by r a i s i n g the t o t a l 
p r e s s u r e . The e x p e r i m e n t a l r e s u l t s with added i n e r t g a s did not show 
the p r e d i c t e d d e c r e a s e . The a v e r a g e d - t e m p e r a t u r e m e t h o d of compu t ing 
the g a s e o u s diffusion r a t e was t h e r e f o r e abandoned . 
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Figure 21 

COMPARISON OF EXPERIMENTAL RESULTS 
WITH COMPUTED RESULTS BASED ON 
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The second method of computing the term A P ^ / p was to 
assume that a constant fractional value applied throughout the reaction. 
Physically, this could be interpreted to mean that some of the water at 
the surface was heated to the boiling point by heat from the reacting 
particle and sonne of it was at the bulk water temperature. Surface 
turbulence might produce this kind of an alternation of boiling water and 
room-temperature water at any point on the surface. Table 7 shows the 
effect of assumed values of A P ^ / P on the computed extent of reaction. 
A value of unity for APw/P. would correspond to runs in heated water. 
F rom this computation, it was determined that a value of APw/P of 0.5 
would reproduce experimental results of runs in room-temperature water. 
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2. Comparison of Computed Extent of Reaction with Exper i 
mental Values 

Further computations were made with the value of 0.5 for 
AP / P All other parameters in the equations were identical with those 
used in the calculations of runs in heated water. It should be pointed out 
that the above pressure ratio affects only the diffusion-controlled reaction 
rate and not the heat loss rate or the parabolic-law-controlled reaction 
rate Computed results for runs in room-temperature water (with 
AP / p = 0 5) are summarized in Table 8. Temperature- t ime and percent 
rea*tion-time curves for a particle of 0.21-cm diameter are plotted in 
Figure 22 for a series of initial metal tempera tures . The resul ts are 
similar in character to those obtained in heated water, although there is 
less total reaction under similar initial conditions. The effect of particle 
size is shown in Figure 23, in which computer curves are plotted for the 
case of fully melted metal at the melting point. The calculated reaction 
rates increase greatly with decreasing particle size in the same way as 
they did in heated water. 

COMPUTED RESULTS FOR THE REACTION OF ZIRCONIUM SPHERES WITH ROOM-TEMPERATURE WATER 

{APv,/P • 0.51 

Sphere 
Diameter, 

cm 

0,21 
0,21 
0,21 
0,21 
0,21 
0.21 
0,21 

0,105 
0,105 
0,105 
0.105 

0,052 
0.052 
0,052 
0,052 

0,026 
0,026 
0,026 

ini t ia l Metal 
Temperature 

K 

1700 
1850 

2125 
2125 
2125 
2400 
2900 

2125 
2125 
2400 

2900 

2125 
2125 
2400 
2900 

2125 
2400 
2900 

C 

1427 
1577 

1852 
1852 
1852 
2127 
2627 

1852 
1852 
2127 
2627 

1852 
1852 
2127 
2627 

1852 
2127 
2627 

Init ial 

Physical 
State 

Solid 
Solid 
Solid 

50% Liquid 
Liquid 

Liquid 
Liquid 

Solid 
Liquid 
Liquid 
Liquid 

Solid 
Liquid 
Liquid 

Liquid 

Liquid 
Liquid 
Liquid 

Peak Metal 

Temperature, 
C 

1470 
1600 
1852 
1852 
1852 
2127 
2627 

1852 
1930 
2127 
2627 

1852 
2280 
2300 
2627 

2730 

2730 
2730 

Time for Reaction 

to Reach One-hall 

of Final Value, 
sec 

0.15 
0,22 

0,24 
0,39 
0,48 
0,52 
0,53 

0.14 

0.20 
0.19 
0.19 

0,057 

0,086 
0,086 
0,085 

0.070 
0.070 
0.070 

Time to 
Coo! to 

1500 K 11227 Cl, 

sec 

0.55 
0.79 

1.01 
1.24 
1,49 
1.68 
1,74 

0,48 
0,67 
0,68 

0,69 

0,21 
0,28 
0.28 

0.28 

0.11 

0.11 
0.11 

Final 

Extent of 
Reaction, 

% 
2.25 
3.83 

5.45 

7.4 
9.2 

10.3 
10,8 

10.8 
14,8 

15,3 
16,1 

16,6 
27,8 

28.5 
29.6 

54.5 
54.7 

54.8 

Computed results for final extent of reaction are plotted as a 
function of initial metal temperature in Figure 24. Experimental points 
for runs in room-temperature water are included. Mean particle diam
eters corresponding to experimental points are also indicated. The 
comparison shows that the experimental points are reasonably consistent 
with the computed results. 
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Figun sa 
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Figure 23 

COMPUTED REACTION AND TEMPERATURE 
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Figure 24 
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Computed results in room-temperature water were relatively 
independent of initial metal temperature when the metal was fully melted 
initially, just as they were in the case of heated water. It was therefore 
advantageous to compare the experimental points with resul ts computed 
for the case of fully melted metal initially at the melting point. The com
parison, shown in Figure 3, shows excellent agreement. The experimental 
points corresponding to runs in which the specimen wires , either 30 or 
60 mils in diameter (equivalent spherical diameters of 0.105 and 0.21 cm), 
were not fully melted would be expected to fall below the theoretical curve. 

3. Comparison of Computed Reaction Rates with Experimental 
P ressure Traces 

Experimental pressure t races (see Figure 2) are replotted in 
Figure 2 5 along with computed extent of reaction v_s time curves. The 
computed curves were obtained with values of initial metal temperature 
and particle diameter similar to those of the experiment. The computed 
and experimental rate curves are similar in character when the reaction 
has the slow pressure r i se . Reactions having explosive p ressu re r ise 
rates were more rapid than computed ra tes . The reasons for this were 
discussed in detail in a previous section. 
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VI. DISCUSSION OF RESULTS AND COMPARISON 
WITH PREVIOUS STUDIES 

The combined experimental and theoretical study of the zirconium-
w**"" reaction has shown which chemical and physical processes are 
important to the course of the overall reaction and which are of secondary 
influence. The results will be shown to be fully consistent with those ob
tained by previous investigators. 

A. Reaction Scheme 

Molten zirconium droplets coming into sudden contact with liquid 
water react very rapidly but to a negligible extent (less than 0.2 percent 
reaction) before the reaction rate becomes limited by a process of gaseous 
diffusion. This limitation a r i ses from the formation of a gaseous bubble 
surrounding each part icle. It is necessary for water vapor to diffuse 
through the steam-hydrogen bubble toward the metal droplet and for hydro
gen to diffuse away from the nnetal. The diffusion process appears to be a 
quas i -s teady-s ta te process . An unreasonably large bubble would result 
from the continuous accumulation of hydrogen. Calculations of the minimum 
diffusion rates to a sphere gave initial reaction rates lower than those ob
tained from extrapolations of the parabolic rate law. As the oxide layer 
thickens, the reaction rate given by the parabolic law decreases until it 
becomes the slowest step in the reaction. This inevitably results in rapid 
cooling and quenching of the reaction. 

A highly simplified mathematical model of the reaction was formu
lated and solutions were obtained on an analog computer. A number of 
simplifying assumptions were used in setting up the equation. It was 
anticipated that the computer solutions would represent the nominal be
havior of hot zirconium spheres in water with a minimum of complication. 
Most of the simplifying assumptions would result in uncertainties only at 
high percentages of reaction. The principal assumptions were: 

1. use of the simple parabolic rate law for spherical geometry; 

Z. assumption of constant particle radius throughout reaction; 

3. assumption of constant specific heat and density of the part icle; 

4. approximate formulation of the temperature drop across the 
oxide film. 

The wide range of agreement between calculated and experimental 
results (e.g., see Figure 3) indicated that the e r r o r s introduced by the 
simplifying assumptions were probably no greater than the experimental 
uncertaint ies . 
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It was assumed implicitly that the oxide shell would not shatter 
and separate from unreacted metal as a result of the rapid temperature 
changes occurring during reaction. This assumption seems justified m 
view of the spherical character of particles and the uniformity of the oxide 
films. 

B. Total Extent of Reaction 

The total extent of reaction of zirconium spheres suddenly brought 
into contact with water was found to depend primari ly on the water tem
perature and the sphere diameter. The dependence was expressed in Fig
ures 3 and 9. The theoretical curves are replotted in Figure 26. A similar 
curve was prepared in the Aerojet s tudies.( l l ) in that work, the particles 
produced by dumping a quantity of molten zirconium into water followed by 
dispersion with a blasting cap were sized and the extent of reaction of each 
particle determined. It was concluded that the results could be represented 
approximately by assuming that oxidation occurred to a depth of 25 fi on 
each particle. The extent of reaction corresponding to 25-f^ reaction is 
compared with the theoretical curves in Figure 26. The 25-/i curve is in 
good agreement with the theoretical curve for room-temperature water. 
This is to be expected, since the Aerojet work was car r ied out in room-
temperature water. A curve based on 60-jii reaction is also plotted in Fig
ure 26 and shows limited agreement with the theoretical curve for heated 
water. 

Figure 26 

EXTENT OF REACTION AS A FUNCTION 
OF PARTICLE DIAMETER FOR MOL

TEN ZIRCONIUM SPHERES 
FORMED IN WATER 

THEORETICAL CURVES 
RAPID REACTION 
(1 -5 msec! 
SLOW REACTION 

4 0 0 0 

PARTICLE DIAMETER 
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The falling drop experiments reported by Battelle( ••*) used 0.2-in. 
(5000-^) Zircaloy-2 droplets . The thicknesses of oxide layer varied be
tween 24 and 68/j (corresponding to 2.7 and 5.8 percent reaction) i r regu
larly as the water temperature was varied between 92 and 200 F. These 
values a re also in agreement with Aerojet data and with the results of the 
present study. 

The resul ts of Milich and King(&) are also consistent with those of 
the present study. They dropped batches of molten metal into water under 
various conditions of temperature and p ressu re . Their results are more 
difficult to compare quantitatively because the effective particle sizes were 
uncertain and because the specimens were heated for a period of 6 to 8 sec 
in contact with water vapor. Their results are summarized briefly in 
Table 9. The large differences between reaction in room-temperature 
water and heated water were probably due to the reaction of steam with the 
samples while they were being heated. The reaction of zirconium with 
water vapor in a gaseous environment would also be controlled in large 
measure by gaseous diffusion. The reaction rate would depend on the 
part ial p re s su re of water vapor and would increase as indicated in Table 9 . 
It might be assumed that when inert gas was present very little reaction 
occurred before the sample was dropped into the water. The 1.3 to 2.6 per
cent reaction in room temperature water would then be reasonable for 
rather large par t ic les . 

Table 9 

ZIRCONIUM-WATER REACTION STUDIES* 
by Milich and King(6) 

Water Vapor 
P r e s s u r e , 

psia 

0.5c 
0.5c 
0.5c 

40-280 
750 

Argon 
P r e s s u r e , 

psia 

200-1000 
15 
0 
0 
0 

ml H / g Zr 

6.7-7.8 
8.2-12.6 
28-29 

110-130 
280 

% Reaction^* 

1.3-1.6 
1.7-2.6 
5.7-5.9 
22-26 
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aFrom 2 to 10 g of molten zirconium at ~1852 C were 
dropped into 130 ml of water in a 1400-ml chamber. 

bComplete reaction corresponds to 491.2 ml H^/g Zr . 
cRoom-temperature water. 

C. Conditions for Explosive Reaction 

The existence of explosive reaction rates was shown to depend on 
the large increase of gaseous diffusion rates when part icles are in rapid 
motion. Rapid self-propulsion and the resulting explosive reaction rates 
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were found to occur with part icles smal ler than about 1 mm in heated 
water and 0.5 mm in room-temperature water. The condenser-discharge 
experiment with 30- and 60-mil wire specimens generates part ic les 
smaller than 1 mm when the electr ical energy is sufficient to melt the 
specimens fully. Explosive reactions, therefore, appeared m heated water 
at temperatures as low as the melting point Other experimental methods, 
such as the Battelle falling-drop studies,(14) did not indicate explosive r e 
actions at temperatures near the melting point because their droplets were 
larger than 1 mm. 

The condenser-discharge experiments in room-tempera ture water 
did not indicate explosive reactions near the melting point, presumably 
because the particles produced in these runs were larger than 0.5 mm m 
diameter. Explosive runs were encountered when the initial metal tem
perature was ca. 2600 C. The first oxide to form on part ic les at this 
temperature would be molten,* and it seems likely to suppose that rapid 
subdivision of particles could occur under these conditions. Average 
particle sizes of the explosive runs were subsequently found to be lower 
than those of nonexplosive runs. This behavior suggests that even very 
large quantities of molten zirconium could rapidly subdivide, giving r ise 
to an explosion, if the bulk of the metal reached 2600 C. 

The Aerojet studies(l2) provide a seeming exception to the rule that 
particles smaller than 0.5 mm (500 /n) will react violently, even at tem
peratures as low as the metal melting point (1852 C). Although the average 
particle sizes of many of the explosion dynamometer runs were between 
300 and 400 fi, they concluded that explosive reactions occurred when the 
temperature reached 2400 C. An examination of their resu l t s , however, 
indicates that many violent explosions (as judged by the reported values of 
peak pressure , pressure r ise rate, total impulse, work, and overall ex
plosion efficiency) occurred at initial metal tempera tures below 2400 C. 
The most violent run, as judged by the efficiency, occurred at an initial 
metal temperature of 1950 C. The most extensive reaction of the se r ies , 
33 percent reaction, occurred ^vith metal at 1945 C. 

D. Discussion of Parabolic Reaction 

The parabolic rate law was found to be consistent with condenser-
discharge data and with 2 previous isothermal studies of the reaction 
rate. The parabolic rate law is usually taken as evidence that the r a t e -
determining step of a metal-gas reaction is a solid-state diffusion process 
occurring within the bar r ie r film. It is not surpris ing, then, that there is 
no sharp change in the reaction rate corresponding to the melting point of 
of the metal. The photomicrographs shown in Figure 11 indicated that the 
oxide is very tenacious and survives rapid quenching to room tempera ture . 
It is , therefore, evident that the oxide shell is an effective container for the 
molten metal, so that there is no sharp change in the character of the r e 
action corresponding to metal melting. 

*The melting point of ZrO, is 2700 C. 
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It is interesting to compare the metal-water reaction with the metal-
oxygen reaction. The zirconium-oxygen reaction was reported by 
Porte et al.(^^' to follow the cubic rate law between 400 and 900 C. The 
activation energy for the oxygen reaction was 42.7 kcal/mole, which com-
P*res closely with the value of 45.5 kcal/mole obtained for the zirconium-
w^ter reaction. The similarity suggests that the same solid-state diffusion 
processes are involved in both reactions. The amount of zirconium reacting 
with water and with ox>-gen in one min, 10 min, and 100 min at 1000 C are 
as follows: 

Reaction, mg Zr/sq cm 

I min 10 min 100 min 

4.0 8.6 18.6 
5.6 17.6 55.6 

The comparison further emphasizes the similarity of the 2 reactions. The 
greater tendency of zirconium to ignite in oxygen is due to the larger heat 
of reaction and the absence of a gaseous-diffusion barrier. 

A recent study of zirconium burning in oxygen-nitrogen mixtures 
showed that the oxide film retained its protectiveness up to the oxide nnelt-
ing point of 2700 C.'^^' Computed peak metal temperatures given in Tables 5 
and 8 reach well above 2700 C for small particles. The accuracy of these 
calculations depends upon the validity of the parabolic rate law at tempera
tures where the oxide is molten. It seems unlikely that the rate law remains 
unchanged under these conditions. It is likely, however, that the molten 
oxide is an effective barrier to the reaction and that the reaction rate would 
be described by an equation very similar to the parabolic law with only 
moderate changes in the values of the constants. The protectiveness of 
molten oxide is evidenced, experimentally, by the fact that metal heated 
above 2700 C is not completely reacted unless the particles are very small. 

E. Burning of Metal Vapor 

Calculated peak metal temperatures for particles smaller than 
520 ^ in heated water reached above 3800 C, which is 200 C above the 
estimated normal boiling point of zirconium.* ' It seems likely that a 
metal vapor reaction would be involved under those extreme conditions. 
Calculated reaction, ignoring metal vaporization, exceeds 70 percent 
under these conditions, so that it makes little practical difference whether 
vaporization is involved or not. 

It is more important to determine whether .T vapor-phase ignition 
can occur at lower temperatures and lead to a Hclf-.suNlained combustion 
as suggested by Epstein.'^^) Epstein has suggested that an explosive 
reaction is initiated when the metal vapor pressure reaches 0.15 n^m, 
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which corresponds to 2700 C for zirconium. His evidence is based on data 
for zirconium, uranium, aluminum, and several alkali meta ls . The data 
quoted for zirconium are the Aerojet studies, which were interpreted as 
showing a crit ical ignition temperature of 2400 C. and the studies in room-
temperature water described in this report, which showed an apparent 
ignition temperature of 2600 C. The questionable nature of the in te rpre ta
tion of the Aerojet data has already been discussed. In this study, runs m 
heated water showed a much lower apparent ignition temperature which, 
moreover, was not influenced by the total p ressure between values of 
10 to 1500 psi. The results with heated water are just the opposite of what 
would be expected for a vapor-phase-initiating reaction. 

Another factor which mitigates against a vapor-phase-ini t iat ing r e 
action below 2700 C is the strength and impermeabili ty of the oxide coating. 
Metal vapor pressures of the order of a fraction of a mil l imeter would not 
be sufficient to breach the oxide shell, especially against a higher ambient 
pressure . The character of the residue from the reaction was not sugges
tive of vapor-phase burning. The oxide residue was neither highly porous 
nor very finely divided. Highly porous residue resul ts from the combustion 
of aluminum in water.(34) The finely divided character of MgO smoke r e 
sulting from the burning of magnesium in air is well known. Both of these 
reactions are believed to occur by a vapor phase reaction.(34, 35) 

A principal argument used by Epstein in favor of vapor-phase-
initiating reactions concerns the behavior of aluminum. There would seem 
to be no reason to believe that zirconium must behave in the same way as 
aluminum does. The boiling point of zirconium, ca. 3600 C,(31J is 1300 C 
higher than the boiling point of aluminum. Harrison(3 3) has shown that 
zirconium that burns in oxygen-enriched air does not smoke and appears 
to oxidize in the solid (or liquid) state at temperatures above 2700 C. 

It is of interest to consider why zirconium does not burn via a 
vapor-phase reaction even at very high tempera tures . Vapor-phase burn
ing of liquid hydrocarbon droplets has been studied extensively. It has 
been determined that the rate-determining step is the rate of heat transfer 
from a gaseous flame zone to the liquid droplet.(36) The heat t ransfer 
rate must be sufficient to supply the heat of vaporization of the fuel in 
order to sustain the combustion. The temperature of the droplet approaches 
the boiling point corresponding to the ambient p r e s su re . The temperature 
of the flame zone must then be considerably higher in order to provide a 
driving force for heat transfer. Liquid zirconium burning by a vapor-phase 
reaction would reach a temperature of about 3600 C at one atm. A tem
perature of the flame zone well above 4000 C would be required for sus 
tained reaction. It seems very unlikely that such a temperature could be 
maintained in contact with liquid water. It is more likely that limited 
vaporization would result in cooling. 
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It is tacitly assumed by Epstein that a vapor-phase reaction would 
be very fast. It should be pointed out that droplet vaporization and the sub
sequent diffusion of fuel into the flame zone are by no means instantaneous 
processes. The burning of fuel droplets m air is described by the following 
equationl^^': 

Di - D ' = Ct 

where D is the diameter of the droplet remaining at time t, Dj is the original 
droplet diameter , and C is a constant. The constant has a value of ca. 
1.0 sq m m / s e c for motor gasoline in 700 C air . It therefore requires 
one sec to consume a droplet only one mm in diameter. Such a burning 
rate is rather slow compared with some of the reaction rates experienced 
in this study. 
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VII. APPLICATION TO REACTOR HAZARDS ANALYSIS* 

A detailed analysis of the role of zirconium-water reactions in a 
hazards analysis depends a great deal on the exact features of the part icu
lar reactor under consideration. It is necessary to state the conditions of 
a postulated accident before definite calculations of the extent and rate of 
reaction can be attempted. The r e sea rch described in this report , how
ever, should make such calculations more definite and reliable than 
heretofore. Postulated reactor accidents are divided into two groups: 
(a) those in which the zirconium in the core or cladding remains intact 
during the accident, and (b) those in which it is melted. 

A. Estimation of Zirconium-Water Reaction when Cladding Remains Intact 

The analysis of a reactivity or a loss-of-coolant accident resul ts 
in a determination of the anticipated tempera ture- t ime curve experienced 
by each part of the reactor . If it can be determined that the zirconium 
cladding will not be melted, it is possible to estimate the extent of metal-
water reaction by direct integration of the rate law over the tempera ture -
time path of the excursion. It can then be determined whether the heat 
generated by the metal-water reaction is sufficient to cause a revision of 
the original estimate of the tempera ture- t ime history of the accident. This 
kind of an analysis was discussed in Ref. 38. A more comprehensive study 
of the loss-of-coolant accident was reported by Owens et al.\'^^) In this 
study, the parabolic rate law deduced from the Battelle data(14) was inte
grated simultaneously with equations describing the residual decay heat. 
It was shown that a serious loss-of-coolant accident can lead to gradual 
self-heating and eventual melting of zirconium-clad fuel elements. 

Simple estimates of the extent of reaction can be made from time 
at temperature considerations. This is facilitated by the solution of the 
rate law at a series of metal temperatures as expressed in Figure 27i A 
zirconium or Zircaloy tube, for example, would be expected to reac t to 
a depth of 5 mils if maintained at the melting temperature , 1852 C, for 
10 sec. If the total thickness of the metal were 20 mils , this would co r re 
spond to 25% reaction. Such a simple estimate would be high because the 
first oxide which would form at lower tempera tures , would tend to protect 
the surface from rapid reaction at higher tempera tures . It is likely that 
the reaction would not be controlled by gaseous diffusion at any time under 
these conditions because of the slower reaction ra tes allowed by the parabolic 
rate law during the warm-up period.** 

*This discussion is of a prel iminary nature; work in this a rea is 
continuing. 

This would be true in a water or a steam environment; a diffusion 
limitation would occur in a steam environment containing inert gas. 
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Figure 27 

GRAPHICAL REPRESENTATION OF PARABOLIC RATE LAW 

The calculation procedures outlined above might a l so be valid if the 
reactor calculat ions indicated that the clad will reach temperatures only 
s l ightly above the melting point because of the high surface tension of the 
molten meta l and the tendency of the oxide film to support and contain the 
molten metal . This would be true only if the clad were not subject to ex 
c e s s i v e nnechanical forces during this t ime. 

It should be emphas ized that the heat of fusion cannot be neglected 
in any transient calculat ions involving z irconium. The latent heat of fusion 
of z irconium is equivalent to the heat needed to ra i se the temperature of 
the molten meta l over 600 C. The melting temperature is located at a 
very s trategic posit ion in relation to reaction rates and cooling rates in 
transient ca lculat ions . 

B. Est imat ion of Zirconium-Water Reaction when Cladding is Melted 

When calculat ions of a postulated reactor accident indicate that the 
cladding will be melted, it b e c o m e s n e c e s s a r y to consider what particle 
s i z e s will be produced and at what point in the heating cyc le the part ic les 
wil l separate from the bulk of the cladding. Once molten part ic les are 
formed, it should be poss ib le to determine their fate, by means of concepts 
developed in the previous chapters . Molten part ic les formed from a partly 
oxidized plate or tube would very likely have a surface consis t ing of fresh 
metal . If they then enter a water cnvironinent, it is reasonable to suppose 
that they will react to the same extent as partic les formed in the condenser-
d i scharge exper iment . The reaction exper iem ed by each particle before 
cool ing to the water temperature will then be given by Ihi' theoret ical curves 
in Figure 26. 
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T h e r e a p p e a r s t o b e no t h e o r e t i c a l a p p r o a c h to the p r o b l e m of p r e d i c t 
ing what p a r t i c l e s i z e s w i l l be p r o d u c e d dur ing a m e l t d o w n . * It i s n e c e s s a r y 
to r e s o r t to e x p e r i m e n t . E x p e r i m e n t s of t h i s s o r t have been conduc ted in 
TREAT by L i i m a t a i n e n ^ aA.(^) In t he se s t u d i e s , s m a l l fuel p ins a r e exposed 
to an in tense neu t ron b u r s t in a w a t e r e n v i r o n m e n t in T R E A T . The n a t u r e 
of the fuel e l e m e n t d a m a g e , including the p a r t i c l e s i z e d i s t r i b u t i o n , i s d e t e r 
mined . The t r a n s i e n t t e m p e r a t u r e and p r e s s u r e and the t o t a l ex ten t of 
m e t a l - w a t e r r e a c t i o n a r e a l so d e t e r m i n e d . 

1. C o m p a r i s o n with T R E A T Studies 

The method of e s t i m a t i n g the to ta l ex ten t of z i r c o n i u m - w a t e r 
r e a c t i o n developed in p r e v i o u s c h a p t e r s was appl ied to 4 r u n s p e r f o r m e d 
in the TREAT r e a c t o r . The 4 T R E A T r u n s w e r e m a d e wi th c e r a m i c - c o r e , 
Z i r c a l o y - 2 - c l a d fuel p ins . (2) P e r t i n e n t da ta for the r u n s , including the 
p a r t i c l e s ize d i s t r ibu t ion , a r e g iven in Tab le 10. 

Table 10 

IN-PILE METAL-WATER EXPERIMENTS IN TREAT 

(Room-temperature water) 

Core material: mixed oxide (composition, w/o: 81.5 ZrO^. 
9.1 CaO, 8,7 UjOg, 0.7 AI^Oj) 

Clad material: Zr-Z (20 mils thick) 
Overall diameter: 0,38 in. 
Overall length: 1,05 in. 

CEN T r a n s i e n t 

28 29 30 49 

Reac tor C h a r a c t e r i s t i c s 

Mw- sec bu r s t 
Per iod , m s e c 
Energy, ca l /g of oxide core 

3 2 0 

60 

3 0 1 

3 8 5 

63 

3 6 2 

5 5 0 

62 

5 1 7 

6 4 8 
50 

6 1 0 

P a r t i c l e D iame te r - React ion Data 

Size 
Group, 

nnils 

1-4 

4 - 8 

8-15 
16-32 
32-64 
64-128 

128-256 
256-512 

Theore t i ca l P e r c e n t 
React ion for Each 

Size Group^ 

70 
60 

4 6 

28 
14 

9 
6 

-

P a r t i c l e Size Dis t r i 

0,0005 
0.01 
0 . 2 

2 , 1 
i l , 2 
22.3 
64.3 

0 

0,0002 
0.024 
0,10 
3 , 0 
9 . 7 

27,8 
59,4 

0 

P e r c e n t of Meta l Reacted with Water 

Calculated 
Exper imen ta l 

8 ,1 

4, 1 
8 , 3 

8 , 0 

bution,^ w / o 

0 , 1 

1,3 

6 , 5 

2 , 0 
12,8 
77.3 

0 

0 

13,1 
14.0 

0,03 
0 , 2 
2 , 8 

15.2 
25,2 
57,6 

0 

0 

14,4 
24,0 

Data taken from Figure Z6 
Particle size distribution for total sample (metal and oxide). 

* L. F . Eps t e in has a l so r e a c h e d th i s conc lus ion . \ ^ ^̂  
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The e s t i m a t e d extent of react ion for each part ic le s i ze group was obtained 
from analog coniputer re su l t s for runs in r o o m - t e m p e r a t u r e water (given 
by the lower sol id curve in Figure 26) and is given in the table. The ant ic i 
pated react ion of each part ic le s i z e group was then summed to give an 
e s t i m a t e of the overa l l extent of react ion. The calculated values are c o m 
pared in the table with exper imenta l va lues obtained by a determinat ion of 
the hydrogen generated by the react ion. The calculated va lues and the 
e x p e r i m e n t a l va lues agree accurate ly for 2 of the runs, but deviate for the 
highest and lowest energy runs. 

The amount of react ion occurr ing before the cladding was 
mel ted was ignored in this calculat ion. It is l ikely that the fuel pin t e m 
perature went from 1000 C, at which signif icant react ion might begin, to a 
fully mel ted state m l e s s than 0 2 s e c * This would resul t in an oxide layer 
th ickness of a fraction of a mil , which would correspond to only one or two 
percent m e t a l - w a t e r react ion, s ince the original cladding was 20 m i l s in 
t h i c k n e s s . It is l ikely that react ion occurring before melt ing can be ignored 
in fast t rans i en t s where there is ex tens ive part ic le formation and cons ider 
able react ion . 

Some of the par t i c l e s formed in the TREAT runs were in the 
s i z e range that would be predicted to be exp los ive on the bas i s of the labo
ratory data. No explos ive p r e s s u r e r i s e s , however, were observed in the 
TREAT runs re ferred to in Table 10. This sugges t s that the par t i c l e s were 
formed over a period of t ime so that, although each part ic le s m a l l e r than 
0.5 m m (19.7 m i l s ) would be rapidly consumed, the overa l l react ion would 
be r e l a t i v e l y s low. An e s t imate of the react ion rate could be obtained if it 
were a s s u m e d that the rate of formation of par t i c l e s was identical to the 
rate of meta l mel t ing . 

2. React ions with Uran ium-Zircon ium Al loys 

D i s c u s s i o n s have thus far been l imited to z irconium and 
Zirca loy a l l o y s . U r a n i u m - z i r c o n i u m al loy fuels constitute a fundamentally 
different c a s e for 2 r e a s o n s . F i r s t , it is l ikely that the constants of the 
rate law are different for these a l loys because of the greater react iv i ty of 
uranium. It might be a s s u m e d , a s a f irst approximation, that the rate law 
found for pure z i rcon ium appl ies to z i r c o n i u m - r i c h a l loys . The react ion 
rate of z i r con ium with oxygen was increased only s l ightly when up to 
3.5 a / o uranium was a l loyed with the z irconium. '^^/ The react ion, however , 
e x p e r i e n c e d a breakaway to a more rapid l inear react ion after ca. 7.5 mg 
Z r / s q cm react ion at 700 C. The rate of pos t -breakaway reaction was 
0.005 mg Z r / ( s q cm)(min) . 

•Heating rates were e s t imated to be about 8000 C / s e r in these 
s tud ie s . 
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The second i m p o r t a n t d i f f e r ence b e t w e e n a c c i d e n t c a l c u l a t i o n s 
for z i r c o n i u m c o m p a r e d with t hose for z i r c o n i u m - u r a n i u m a l l o y s is the 
fact that u r a n i u m - b e a r i n g p a r t i c l e s con t inue to be h e a t e d by the n e u t r o n 
field af ter s e p a r a t i n g f r o m the fuel e l e m e n t . C a l c u l a t i o n of the fate of such 
p a r t i c l e s r e q u i r e s the i n s e r t i o n of an a d d i t i o n a l h e a t - g e n e r a t i o n t e r m in 
Equa t ions 25 and 26, Chap te r IV. Th i s t e r m would inc lude an e x p r e s s i o n 
for the t r a n s i e n t va lue of the n e u t r o n flux and the u r a n i u m e n r i c h m e n t , and 
c l e a r l y would be speci f ic for a p a r t i c u l a r a c c i d e n t s i t ua t i on . M e t h o d s for 
including the f i s s ion hea t ing t e r m in m e t a l - w a t e r r e a c t i o n c a l c u l a t i o n s 
w e r e d i s c u s s e d by L i i m a t a i n e n ^ t a i . (39) T h e s e s t u d i e s a r e cont inu ing in 
connec t ion with T R E A T me l tdown s t u d i e s . 

3. Effect of Wate r T e m p e r a t u r e and To ta l P r e s s u r e 

The quan t i t a t ive m e t h o d s u s e d to f o r m u l a t e the effect of w a t e r 
t e m p e r a t u r e and i n e r t gas p r e s s u r e on r a t e s of g a s e o u s diffusion w e r e 
s e m i - e m p i r i c a l . Heat t r a n s f e r and diffusion effects in subcoo led l iqu ids 
a r e not wel l u n d e r s t o o d , * and no s i m p l e r e l a t i o n s h i p s e x i s t e d which could 
be appl ied to the c a s e at hand. E x p e r i m e n t a l l y , t h e r e w e r e found to be 
2 d i s t inc t c a s e s . Slower r a t e s o c c u r r e d in r o o m - t e m p e r a t u r e w a t e r with 
or without one a tm. of i n e r t g a s . F a s t e r r a t e s o c c u r r e d when the w a t e r 
t e m p e r a t u r e was be tween 90 and 3 15 C wi th or wi thout 2 a t m of i n e r t g a s . 
A g r e e m e n t be tween c a l c u l a t e d and e x p e r i m e n t a l r e s u l t s was ob ta ined in 
the ca se of hea ted wa t e r when the w a t e r v a p o r p r e s s u r e , d r i v i n g diffusion, 
was se t equa l to the to ta l p r e s s u r e ( A P ^ / P = l ) . A g r e e m e n t was obta ined 
in the r o o m - t e m p e r a t u r e c a s e when the r a t i o A P ^ / P was se t equa l to 0 .5. 
The l a t t e r was taken to m e a n , p h y s i c a l l y , tha t about o n e - h a l f of the w a t e r 
at the w a t e r - w a t e r vapo r i n t e r f a c e , ad j acen t to r e a c t i n g p a r t i c l e s , r e a c h e d 
the boil ing point while one -ha l f r e m a i n e d a t the bulk w a t e r t e m p e r a t u r e . 
These a s s u m p t i o n s w e r e suff ic ient to exp la in the r e s u l t s of t h i s s tudy. It 
is of i n t e r e s t to extend t h e s e a s s u m p t i o n s to c a s e s not s tud ied e x p e r i m e n 
ta l ly , even though the conc lu s ions m u s t be c o n s i d e r e d s p e c u l a t i v e . 

The a s s u m p t i o n can be e x p r e s s e d a s fo l lows: 

0.5 (Vapor P r e s s u r e ) + 0.5 ( T o t a l P r e s s u r e ) 
Diffusion Ra te a 

To ta l P r e s s u r e 

The p r e d i c t e d r a t i o s for a n u m b e r of c a s e s a r e c a l c u l a t e d in T a b l e 11. 
C a s e s which would a p p e a r to have v a l u e s i n t e r m e d i a t e b e t w e e n 0.5 and 
1.0 w e r e b e s t d e s c r i b e d by the hea t ed w a t e r c a l c u l a t i o n ( A P ^ / P = l ) . It 
would t h e r e f o r e be log ica l to c o n s i d e r m o l t e n z i r c o n i u m in an o p e r a t i n g 
PWR to have the m a x i m u m p o s s i b l e d i f fus ional r e a c t i o n r a t e . A BWR 
would be subjec t to the m o r e r a p i d r a t e s of g a s e o u s diffusion t h r o u g h o u t 
m o s t of the s t a r t u p pe r iod , as we l l a s d u r i n g o p e r a t i o n . 

*It should be noted here that the very large heat transfer coefficients usually associated with subcooled 
boiling ' are not realized when a metal-water reaction is in progress. Hydrogen generated by 
reaction stabilizes a thick boundary film, preventing the formation of the very thin and violently 
agitated film that is characteristic of metal quenching in cold water. 



Table 1 1 

ESTIMATION OF RELATIVE RATES OF GASEOUS DIFFUSION FOR 
VARIOUS WATER TEMPERATURES AND TOTAL PRESSURES 
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Water 
Temp. 

C 

25 

100 

315 

25 

100 

283 

25 
[ 

100 

283 

Saturated 
Vapor 

P r e s s u r e , 
psi 

1 Total 
Pres su re , 

P»i 
1 

Relative 
Rate of 
Gaseous 
Diffusion 

This Study 

0.5 

15 

1500 

0.5 

15 

1000 

1 

0.5 

15 

1000 

5 

25 

15 

20 

40 

30 

1500 

Typical B 

5 

15 

1000 

'ypical P r e 

15 

2000 

2000 

1 

0.55 

0.51 

0.52 

0.88 

0.69 

0.75 

1.00 

oiling Wate 

0.55 

1.00 

1.00 

ssurized Wa 

0.52 

0.50 

0.75 

Equivalent Case 

Room-temp Water 
7% Reaction 

Room-temp Water 
35% Reaction 

Room-temp Water 
Added Argon 

Heated-water Run, 
7% Reaction 

Heated-water Run, 
35% Reaction 

Heated-water Run, 
Added Argon 

Heated-water Run, 
P re s su re 

' Reactor 

Run, after 

Run, after 

Run, with 

after 

after 

with 

at Highest 

Cold Reactor, Part ia l Vacuum 

During Warm-up 

Operating 

ter Reactor 

Cold Reactor 

During Warm-up 

Operating 

The most uncertain case is the PWR during warm-up, during 
which a very large total p ressure is applied while the water is still relatively 
cool. The possibility exists that the relative diffusional rate might be lower 
than 0.50. The data of Milich and King (see Table 9) would tend to make this 
unlikely- Their resul ts indicated that large pressure.'* of inert gas were no 
nnore effective in suppressing reaction than was one .itm of inert gas. Their 
resul ts constitute important verification of the .simple formula given for 
diffusion ra te . 
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X. APPENDICES 

Appendix A 

EXPERIMENTAL DATA TABLES 

Numerical results of the condenser-discharge studies of the 
• i rconium-water reaction are given in Tables Al through A4. The 
energy input is the electr ical energy given to the specimen wires by 
the discharging condensers . Metal temperatures were calculated on 
the basis that the energy addition occurred adiabatically. The vapor 
p ressu re of water was measured in some cases and obtained from meas 
urements of water temperature in others . The percent reaction was cal
culated from a determination of the quantity of hydrogen generated by the 
reaction, assuming that zirconium dioxide (ZrOj) was the only solid 
product formed and that no hydrogen was retained by the residue, Sauter 
mean particle diameters were measured by an optical method. Equivalent 
particle d iameters are given for those specimens which remained intact 
or were in the form of a distorted wire. The equivalent particle sizes 
are the d iameters of spheres that would have the same surface-to-volume 
ratio as the original wire. 
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Run 

32 
23 
13 

192 
22 

193 
2̂1 
28 
27 

202 
226 
25 
52 

197 
26 
29 
14 
15 
18 
30 

228 
31 
42 
20 
19 
16 
40 
41 
17 
39 
21 
53 
37 
35 
34 
36 

237 
235 
238 
239 
232 
231 

241 
240 
205 
204 
243 

Energy 
Input, 

cal/g 

RUNS WITH 6 0 - M l l ZIRCONIUM WIRES 

Calc Metal 

Temp, C. 
and Physical 

State 

Pressure 

of Added 
Argon, 

psi 

N ROOM-TEMPERATURE WATER 

Percent 
Reaction 

I, No Inert Gas; Vapor Volume 40 cc 

100 
127 
137 
144 
150 
157 
158 
174 
183 
185 
189 
190 
198 
201 
203 
209 
217 
218 
233 
235 
236 
258 
269 
275 
276 
284 
290 
294 
296 
300 
313 
322 
332 
361 
388 
393 

142 
158 
159 
195 
204 
226 

168 
174 
195 
195 
213 

1100, Solid 
1500, Solid 
1600, Solid 
1700, Solid 

1800, Solid 
1852, Solid 
1852, 10 * LlQuid 
1852, 30» l iquid 
1852, 5 0 * l iquid 

1852, 501. l iquid 
1852, 60% l iquid 

1852, 60% l iquid 
1852, 70% l iquid 
1852, 80% l iquid 
1852, 80% l iquid 
1852, 90% l iquid 
1900, Liquid 
1900, l iquid 
2100, l iquid 
2100, l iquid 
2100, l iquid 
2400, l iquid 
2500, l iquid 
2600, liquidH 
2600, liquidH 
2700, l iquid 
2800. l iquid l ' 
2800. l iquidti 
2900, l i qu id " 
2900, Liquid'' 
3100, Liquid" 
3200, l i qu id " 
3300. Liquid" 
370O, Liquid" 
4100, l iqu id" 
4100, l iqu id" 

n. 
1700 
1852, 10% l iquid 
1852, 107. l iquid 
1852, 70% l iquid 
1852, 80% Liquid 

2000, l iquid 

m. 
1852, 20% Liquid 
1852, 30% Liquid 
1852, 70% l iquid 
1852, 70% l iquid 
1852, 100% l iquid 

-
--
-

-
-

-
-
-

-

-
--

0,7 
1,2 
3,9 
2.6 
4,2 
3,7 
5,9 

-
11,3 

9,9 
8,9 

10.2 
11,2 

7.9 
7,9 
8,2 
9,0 

12,1 
12,6 
14,0 
18,3 
10.9 

24,0 
43,0 
17,1 

39,0 

71,0 
45,0 
50,0 
37,0 
51,0 
52,0 
60,0 
71.0 
50,0 

No Inert GaS; Vapor Volume 160 cc 

- 5,1 
10,5 
5,8 

12.8 

13,2 
13,2 

^dded Argon Gas; Vapor Volume 40 cc 

15 
15 
20 
25 
15 

45 
42 
7,7 
8,9 
7,9 

Mean 

Particle 
Diameter, 

f^ 

2140 
2180 
2160 
2300 

2170 

2300 
2060 
2180 
2240 

-̂  '^ 2280 

1740 

-a 
21(M 
1500 
1960 

2040 
1500 

940 
-3 

680 
740 
440 
340 
980 
160 
110 
340 
240 
240 
370 
180 
200 
270 
480 

-a 
-a 
.a 
.a 
.a 
.a 

-a 
-a 
-a 
-a 
-a 

Appearance 
of 

Residue 

1 nfaci 
1 ntact 

1 ntact 
1 ntact 
1 ntact 

1 ntact 
Distorted Wire 

Distorted Wire 
Distorted Wire 

Sptierical Particles 
Distorted Wire 
Spfierical Particles 
Sptierical Particles 
Spherical Particles 

Spherical Particles 
Spherical Particles 
Distorted Wire 
Spherical Particles 

Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 

Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 

Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 

Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 

intact 
Distorted Wire 

Distorted Wire 
Distorted Wire 
Spherical Particles 
Spherical Particles 

Distorted w i re 
Distorted Wire 
Flattened Pieces 

Flattened Pieces 
Spherical Particles 

^Mean particle diameter not determined 

''Runs had an explosive pressure rise 
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Table A^ 

RUNS WITH 30-MIL ZIRCONIUM WIRES IN ROOM TEMPERATURE WATER 

Run 

8S 
B6 
71 
8 8 

8 9 
8 7 

7 5 
76 

7Z 

107 

8 2 
9 0 

1 0 8 
1 0 6 

8 3 

1 1 2 
74 

1 0 9 
U l 
U O 

7 3 
1 1 3 
114 

Input 
E n e r g y . 

c a l g 

1 2 4 

1 4 6 
1 4 9 

1 6 0 

1 6 3 

1 6 5 
1 8 0 
1 8 2 
1 9 0 

1 9 8 
2 1 4 
2 1 4 
2 3 1 
2 3 2 
2 4 1 

2 5 5 
2 7 0 
2 9 0 
2 9 6 
3 1 4 
3 2 4 
3 8 7 
4 8 2 

C a l c M e t a l 
T e m p . C. 

a n d P h y s i c a l 
S t a t e 

1 5 0 0 . 
1 7 0 0 . 
1 8 0 0 . 
1 8 5 2 , 
1 8 5 2 . 

1 8 5 2 . 
1 8 5 2 . 
1 8 5 2 . 
1 8 5 2 . 
1 8 5 2 . 

1 8 5 2 . 
1 8 5 2 . 
2 1 0 0 . 
2 1 0 0 . 
2 2 0 0 . 

2 4 0 0 . 
2 5 0 0 , 
2 8 0 0 , 
2 9 0 0 , 
3 1 0 0 , 
3 2 0 0 , 
4 0 0 0 . 

- . 

S o l i d 
S o l i d 
S o l i d 
10 '^ L i q u i d 

lOf . L i q u i d 
2 0 f . L i q u i d 
40*^ L i q u i d 
40'5. L i q u i d 
6 0 ^ L i q u i d 

70-!i L i q u i d 

100% l - iqu id 
1 0 0 % L i q u i d 
L i q u i d 
L i q u i d 
L i q u i d 
L i q u i d 
L i q u i d 
L i q u i d ^ 
L i q u i d * 
L i q u i d * 
L i q u i d * 
L i q u i d * 
P a r t V a p o r * 

P e r c e n t 
R e a c t i o n 

5 . 0 
1 0 . 0 

8 . 6 
13 7 

U , 3 

15 ,b 
12 b 
16 4 

1 1,8 
1 3 . 8 
IB .5 
1>*,7 
M B 
18,1 
1 4 , 8 
1 5 , 3 
2 3 , 9 
4 3 , 8 
2 2 , 6 
45 7 
4 4 , 9 
3 8 , 0 
4 9 , 7 

M e a n 
P a r t i c l e 

D i a m e t e r , 

1 120 

1 130 
1 160 
1 1 0 0 
1 0 1 0 

1 0 1 0 
1 0 4 0 
1 0 4 0 
1 6 3 0 
1 3 9 0 
1 2 0 0 
1 2 9 0 
1 6 8 0 
1 0 2 0 
i i a o 
1 6 1 0 

7 8 0 
3 0 0 
bSO 
3 2 0 
3 3 0 
4 2 0 

4-)u 

A p p e a r a n c e 
of 

R e s i d u e 

In tac t 

T w o P i e c e s 
F o u r P i e c e s 
D i s t o r t e d W i r e 
D i s t o r t e d W i r e 
D i s t o r t e d W i r e 
D i s t o r t e d W i r e 
D i s t o r t e d W i r e 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 

S p h e r i c a l P a r t i c l e s 

^Runa had an exploaive p r e s s u r e r i se . 



72 

R u n 

196 

2 2 5 

2 1 7 

2 1 9 
2 2 2 

1 9 5 
1 9 0 

189 
2 0 3 

1 8 8 

2 2 7 

2 1 8 
2 2 0 

2 1 6 

2 3 4 

2 1 3 

2 3 3 

2 3 0 

2 2 9 

2 7 9 
2 0 6 

2 7 8 

2 8 0 

Tilnergy 
Input, 
c a l / g 

1 5 0 

150 

2 0 4 

2 1 6 

2 1 9 
2 2 1 

2 4 4 

2 7 1 

3 0 9 

157 

161 

169 
2 0 3 

2 0 6 

2 3 0 

2 5 2 
2 7 7 

151 
186 

1 9 4 

2 0 5 

2 1 5 
2 3 2 

RUNS WITH 60 

Calc Metal 

and Phys i ca l 
State 

-MIL ZIRCONIUM WIRES IN HEATED WATER 

Water 
Vapor 

P r e s s u r e , 
p s i 

P r e s s u r e 
of Added 
Argon, 

p s i 

P e r c e n t 
Reac t ion 

Mean 

P a r t i c l e 
D i a m e t e r , 

M 

I, Water T e m p e r a t u r e 90-125 C; No Ine r t Gas 

1852, Solid 
1852, Solid 
1852, 90% Liquid 
1900, Liquid 
2000, Liquid^ 
2000, Liquid^ 
2300, Liquid' ' 
2600, Liquid^ 
3100, Liquid^ 

10 

32 

2 2 

19 
22 

2 8 

19 
16 

19 

-
-
-
-
-
-
-
-
-

8 ,6 

7 , 8 

31,5 
51,7 
55,5 
51,3 
90,3 
82,9 
81,0 

2390 
2300 
1260 
1320 

6 9 0 
6 5 0 

4 9 5 

4 8 0 

6 7 0 

II, Water T e m p e r a t u r e 140-200 C; No I n e r t Gas 

1852, 30% Liquid 
1852, 30% Liquid 
1852, 40% Liquid 
1852, 100%« Liquid^' 
1900, Liquid ' ' 
2200. Liquid^ 
2500, Liquid^ 
2800, Liquid^ 

III. Wat 

1852, 30%> Liquid 
1852, 90%» Liquid 
1852, lOO^o Liquid ' ' 
2000, Liquid ' ' 
2100, Liquid^ 
2400, Liquid^ 

2 1 5 

2 2 5 

2 0 5 

5 0 

1 5 5 

8 8 

79 
150 

-
-
-
-
-
-
-
-

9 . 0 

8 , 5 

14,5 
55,2 
30,7 
55,1 
52,0 
73,8 

2300 
2300 
1500 

6 7 0 

8 0 0 

6 5 0 

1150 
4 2 0 

er T e m p e r a t u r e 280-315 C; No I n e r t Gas 

1500 
1500 

9 0 0 

1500 
1500 
1500 

-
-
-
-
-
-

11,4 
25,9 
25,9 
30,0 
49,1 
54,6 

2300 
6 3 0 

7 0 0 

1370 
7 3 0 

5 2 0 

A p p e a r a n c e 
of 

Res idue 

D i s t o r t e d Wire 
D i s t o r t e d Wire 
Sphe r i ca l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 
S p h e r i c a l P a r t i c l e s 

D i s t o r t e d Wire 
D i s t o r t e d Wire 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 

D i s t o r t e d Wire 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 
Sphe r i ca l P a r t i c l e s 

IV, Added Argon Gas 

1 4 8 

2 0 5 
2 1 5 

2 3 2 

1852, Solid 
1852, 90%) Liquid^ 
1900, Liquid" 
2200, Liquid" 

16 

2 6 

17 

18 

2 0 

2 0 

2 0 

2 0 

7 , 9 
37.6 
78.8 
85.2 

-
8 3 0 

-
-

T h r e e P i e c e s 
Sphe r i ca l P a r t i c l e s 
P o w d e r 
P o w d e r 

^Runs had an explosive p r e s s u r e r i s e . 

"No p r e s s u r e t r ace obtained. 
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RUNS WITH 60-MIL ZIRCALOY-3 WIRES 

Run 

273 
274 
275 
276 
277 

267 
268 
269 
270 
271 
272 

Energy 
Input. 
cH/g 

165 
206 
251 
298 
314 

141 
219 
240 
299 
340 
370 

Calc Metal 
Temp. C. 

and Physical 
State 

1852. 
1852, 
2300. 
2900. 
3100, 

1700, 
2000, 
2200, 
3000, 
3500, 
3900, 

I. Room 

20% Liquid 
80% Liquid 
Liquid** 
Liquid* 
Liquid* 

II. Heat 

Solid 
Liquid* 
Liquid* 
Liquid* 
Liquid* 
Liquid* 

Water 
Vapor 

Pressure, 
psi 

Percent 
Reaction 

Temperature Water 

0.5 
0.5 
0.5 
0,5 
0,5 

ed Water 105 

23 
21 
21 
19 
18 
18 

6.3 
10.9 
16.7 
27.0 
58.4 

-115 C 

7.5 
40.2 
58.2 
93.1 
83.4 
79.4 

Appearance 
of 

Residue 

Distorted Wire 
Spherical Par t ic les 
Spherical Par t ic les 
Spherical Par t ic les 
Spherical Part iclee 

Intact 
Spherical Par t ic les 
Spherical Part ic les 
Spherical Part ic les 
Spherical Part ic les 
Spherical Par t ic les 

*Run« had an explosive pressure r ise . 

°Uo pressure trace obtained. 
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Appendix B 

E F F E C T OF N O N - P L A N A R G E O M E T R Y ON 
THE PARABOLIC R A T E LAW 

The p a r a b o l i c r a t e l aw, e x p r e s s e d in the d i f f e ren t i a l f o r m a s fo l lows , 

d(xo- x) ^ 1 (B l ) 
dt X o - x 

is r i g o r o u s l y c o r r e c t only for a s o l i d - s t a t e diffusion p r o c e s s o c c u r r i n g at 
a p lane s u r f a c e . Diffusion th rough a b a r r i e r f i lm on a c y l i n d r i c a l or s p h e r 
ica l su r f ace m u s t depend not only on the t h i c k n e s s of the b a r r i e r , XQ - x but 
a l so on the r a t i o of the inner r a d i u s x to the ou te r r a d i u s XQ. T h i s w a s 
pointed out by E p s t e i n in Ref. 20 and by C a r t e r in Ref. 4 1 . E p s t e i n d e r i v e d 
the c o r r e c t f o r m of the p a r a b o l i c r a t e law for c y l i n d r i c a l and s p h e r i c a l 
g e o m e t r y by a de ta i l ed solut ion of F i c k ' s l aw of diffusion. C a r t e r d e r i v e d 
the iden t ica l r e l a t i o n for s p h e r i c a l g e o m e t r y by equa t ing the s t e a d y - s t a t e 
equat ion for diffusion th rough a s p h e r i c a l she l l to the i n s t a n t a n e o u s r e a c 
t ion r a t e . C a r t e r ' s equa t ion a l so p r o v i d e d for the d i f f e r ence in d e n s i t y 
be tween the m e t a l and the oxide . 

The equa t ions wil l be d e r i v e d h e r e by a s i m p l e ana logy to the flow 
of e l e c t r i c c u r r e n t . S o l i d - s t a t e diffusion t h r o u g h an i n s u l a t i n g c r y s t a l can , 
in fact , be c o n s i d e r e d a s a c u r r e n t of ions m i g r a t i n g u n d e r the inf luence of 
an emf.V^^) The r e a c t i o n r a t e can be ident i f ied with the c u r r e n t , and O h m ' s 
law m a y be f o r m a l l y app l ied as fo l lows; 

Reac t ion r a t e cc e m f / R e si s t ance . {B2) 

The e l e c t r i c a l r e s i s t a n c e is e x p r e s s e d in t e r m s of r e s i s t i v i t y for 3 c a s e s 
as follows :('*'^' 

P l ane R e s i s t a n c e = R e s i s t i v i t y ( 1 (B3a) 

/ ln[xo/x] \ 
Cy l i nd r i ca l Shell R e s i s t a n c e = R e s i s t i v i t y I •) (B3b) 

\ ZTT L / 

Sphe r i ca l Shell R e s i s t a n c e = R e s i s t i v i t y I —^ ) (B3c) 
V 47T XXo / 

whe re A is the p l ana r a r e a n o r m a l to c u r r e n t flow, and L is the l eng th of 
the cy l inde r . The v o l u m e t r i c r e a c t i o n r a t e (cc m e t a l / s e c ) c a n be e x p r e s s e d 
as follows for the 3 c a s e s : 
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Plane: Reaction rate 
tl (x<) - x) 

Cylinder: Reaction rate = ZTTLX 

Sphere: Reaction rate = 4TT x 

dt 

d (xo - x) 

dt 

, d (XQ - x) 

dt 

(B4a) 

(B4b) 

(B4c) 

Substituting Equations B3 into B2 and equating Equation BZ to Equations B4 
yield the following: 

Plane: 

Cylinder: 

Sphere: 

d (x^ - x) 
dt X j - X 

d(xo -
dt 

d(xo 

x) 

- x) 

dt 

1 
X In (xo/x) 

X(xo - x) 

(B5a) 

(B5b) 

(B5c) 

Equation B5a is identical with Equation Bl and represents the para
bolic rate law for a plane surface. Equations B5b and B5c represent the 
parabolic law for a cylindrical and a spherical surface, respectively. The 
integrated forms of the rate laws are obtained by integrating Equations B5 
aa follows: 

Plane: 

Cylinder: 

(x« - x)'o. t 

-« t 

(Bba) 

(B6b) 

Expanding the logarithmic term and simplifying yields 

Sphere: 

(> •''['-/•(=^)] (B6c) 

The e r r o r introduced by applying the simplified rale law Equation B5a 
to spheres is found by comparing Equation B5a with Equation B5c. The cor
rect rate for the spherical case is seen to be greater than the approximate 
value by a factor of x^/x. The following table gives numerical values for the 
ratio of the ra tes . 
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Percent of 
Sphere Reacted 
100 [l-(x/xo)^] 

0 
10 
25 
50 
75 

T r u e Rate/Approximate Rate 

1.000 
1.035 
1.10 
1.26 
1.59 
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Appendix C 

ANALOG COMPUTER INFORMATION 

A. General Information 

The analog computer used in this study was an Electronic A s s o c i a t e s 
PACE, model 131 R. The analog model of the m e t a l - w a t e r reac t ions involves 
standard techniques with poss ib ly one except ion, a re lay c ircui t to control the 
model during phase changes . 

For comple te information about the analog computer instal lat ion at 
Argonne, s e e A N L - 6 0 7 3 ; for information about the programming of an analog 
computer , s e e A N L - 6 1 8 7 . 

B. P r o g r a m m i n g Information 

1. Equations 

B (f) 
k 

Xfl- X 
P ( - G / T J 

Kxo 
(T, ^ ry AP 

V 

~ p ~ 

Parabol ic Rate 

Diffusion Rate 

AP 
= constant or a function of o of react ion 

--— = Minimum {x|̂  , x j } 

d T . 

dt 

1 r N -r--^^-^^rl.Tl)-^(T^.Tj''-»'(T^ V 

dF M dTr 

dt L' dt 

(xfl-x)x 

used during freezing and melt ing 

T = T + 
» m P Xo X 

T...) 

i r . X (T* - T* ) - ^ (T + T )° " (T - T 
L Xo Xj 

'The d iv i s ion by z e r o that appears has no effect on the equations s ince 

k, at X 
k 

Xo 
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In i t ia l Condi t ions 

X = Xo 

T m = Tg > 300°K 

2. Machine V a r i a b l e s and Sca le F a c t o r s 

t ' = at ; a > 1 

x' = bx ; b > 1 

T ' = cT ; c < 1 

F ' = m F ; m > 1 

The v a r i a b l e x r e p r e s e n t s p a r t i c l e r a d i u s and w a s one of the p a r a m 
e t e r s in the i nves t i ga t ion . As XQ is changed , b wi l l be c h a n g e d so tha t bxo is 
cons tan t . F o r Xo = 0.105 c m , b = 500, so xj = 52.50 v. F o r Xo = 0.0525 c m , 
b = 1000. 

T h e s e r e a c t i o n s s p e e d up a s x(0) i s m a d e s m a l l e r . T h e r e f o r e a = 10 
for Xo = 0.105 or 0.0525 cm; 10^ for Xj = 0.026 or 0 .013; and a = 10^ for 
Xo = 0.006 cm. 

c = 1 0 " ^ so tha t T < 10,000°K. 

m = 100 so tha t 1 vol t r e p r e s e n t s 1% m e l t e d m e t a l . 

3. Sca led E q u a t i o n s 

_B b^ exp (-C G ^ / T J 

k ^ ^ xi - x' m. 
m ^^0 K {T's + T ; ^ ) ° - ^ ° A P ^ 

0.68 ^12 P 
D a c 

dx' , 
- ^ - M i n i m u m {xo . i'k} 
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w h e r e 

d t ' 

I ^ 

1 0 ^ 
M 

[I » II < III t IV) 

N x ' * d x -

b ' x^ 10^ d f 

B 

a 10 
T f(f) 

III 

IV 

jlO.OOO 

ac *Xo 10* \ 4 0 . 0 0 0 / 

- 1 0 U f ' T s ^ T ^ ) ° " ( T ' - T V ) ] 

1 0 ' a x j c ' " L To J 

d F ' m M d T ' 

d t ' ' L ' c d t ' 

1 0 ' a / Xo - x ' \ 
V) 

Q u a n t i t i e s t o b e G e n e r a t e d 

In t h i s s e c t i o n . 1 0 ' IS c a u s e d by t h e d i v i d e c i r c u i t a n d UO J i s 

c a u s e d b y t h e m u l t i p l i e r c i r c u i t . F r a c t i o n s a r e no t r e d u c e d t o l o w e s t t e r m s 

in o r d e r that a l l c o n s i d e r a t i o n s a r e e a s i l y s e e n . 

( a ) 10 ' ( ^ ) , 
B_bi 

a l o ' 
10'' exp (-CG/T'J 

1(1' 

(T.; t T' 

1 0 ' 

i n ' 
p 

<•' • • -Uli) ('"' ̂ O d 

(dj II 
B 

ID* a 
f ( t ' ) 



(e) III 
4 V 10^ 

a C XQ 1 0 ' 

s w-

4 x lOl 

(f) IV 
10 u ' ( T ' + T ' ) ° ' ^ ' ( T ' - T ' )' V -'• s ^ w^ ^ s w ' 

10 

(g) I + II + III + IV 

(h) 10 (III + IV) 

(i) V 
1 0 ' 

^ • ) ('° - * •» - ) ( i ^ ^ ) 

/ 10^\ x'^ 
(j) 100 (% reac t ion ) = 1 0 ^ - - 7 - 7 = ^ 

V"" / @ 
(k) I ^ " '-^ 

40,000 

(1) A r e l a y c i r c u i t m u s t be p rov ided to c o n t r o l the equa t ions during 
me l t i ng . 

Func t ion g e n e r a t i n g equ ipment wil l be u s e d to g e n e r a t e : 

(m) ( T ; + S)" -" 

(n) 
( T ; + 3)''-88 ( T ^ - 3) 

To 

(o) lO^'exp { - 2 7 6 . 8 / T ; ) 

(p) ^ ^ 
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5. Potent iometer Settings 

1. 0.01 x; 

Z. B b V l o ' a 

3. b' Xo K/a c " " I D ' 

4. N / X ^ J 

5. B / l o ' a 

6. 4 y l O ' / a c* Xo 

7. 0.01 {T^yA X 10*) 

8. U / 1 0 a x^ c ' " 

9. l O c x J a / p 

10. 10'/xi> 

11. 10' m / L 

12. 1 0 ' C / M 

l i . O.Ol Ti^(O) 

14. 0.01 xi 

15. 0.01 

S u w u t n 

l^>-

INTEGKATOB 

Figure C- 1 

SYMBOLS FOR COMPUTER ELEMENTS 

T H E F O C L O I N G S Y M B O L S A R C U S E D TO D E N O T E T H E E Q U I P M E N T U S E D 

S W I T C M ( M 4 N U A L 0 P E R 4 T I 0 N ) 

-ix»T«zi 0 9 

r j ^ — -(x«T»ziiii 

POTENTIOMETER 

-KX 0 « K < l 

E L E C T R O N I C M U L T I P L I E R 

INITIAL CONDITION 

-m -XT 

— -JSi 
102 

HIGH SPEED 
DIFFERENTIAL RELAY 

1 + I + 

_A_ A 

0 - — 

X — y \ ^ ' + I * 

OUTPUT IS THROUGH "A" 
I F - ( X « Y 1 < 0 , A CONNECTS TO I - ) 
IF - (X»Y1 > 0 , A CONNECTS TO ( + ) 

FUNCTION GENERATOR 
TT7T 

E L E C T R O N I C M U L T I P L I E R 

^ 
_ - y - - 1 0 ' 
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Figure C-2 

CIRCUITS FOR SOLUTION OF EQUATIONS 

I—^ (-pfi/Tc ) ^^ ' — ' (-cG/Ts ) 
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Figure C-3 

CIRCUITS FOR SOLUTION OF EQUATIONS 
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CIRCUIT FOR CONTROL DURING PHASE CHANGE 
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Appendix D 

ANALYSIS OF THE RATE DATA REPORTED BY 
B O S T R O M ( 4 ) A N D L E M M 0 N ( 1 4 ) 

Studies of the rates of the isothermal reaction of Zircaloy with water 
and steam were reported by Bostrom (water) and by Lemmon (steam). 
Lemmon concluded that the resul ts of both studies were best explained in 
te rms of the parabolic rate law, although individual runs showed consider
able deviation from the parabolic law slope on log-log plots of the data. It 
seemed likely that much of this deviation was due to a spuriously slow 
initial reaction. This might have been due to a limitation caused by gaseous 
diffusion or to a time lag in bringing the specimen to the tempera ture of the 
run. A method of plotting such data is suggested which yields the parabolic 
rate constant in spite of an initial slow step in the reaction. 

The square of the quantity of reaction is plotted as a function of t ime. 
The quantity of reaction was determined by collecting the hydrogen generated 
and is therefore not subject to cumulative e r r o r s . The effective time cor 
responding to the beginning of the run, however, may be uncertain because 
of the postulated delays in reaching the full reaction ra te . One can ignore 
the first few data points on a plot of this kind, whereas the entire data plot 
is distorted when plotted on a log-log scale with an uncertainty in zero time. 

Individual data points were taken from the published repor ts and r e 
plotted in Figures Dl through D4. Lemmon's data at 1400 and 1690 C, 
Figure D-2, and Bostrom's data at 1750 C, Figure D-4, indicate a delay in 
reaching the full reaction ra te . If the first few points are disregarded, all 
of the runs are described accurately by a straight line, indicating the valid
ity of the parabolic rate law. There is some indication of a breakaway 
reaction beyond 300 mg/sq cm reaction in Bostrom's data (90,000 units on 
the squared plot, Figure D3). This corresponds to an oxide layer thickness 
of about 500 ii (20 mils), which is considerably greater oxidation than was 
achieved in the condenser discharge studies. 

The slopes obtained from the data plots are summarized in Table Dl . 
The results are plotted as a function of reciprocal absolute temperature in 
Figure 16. 
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Figure D-1 

REACTION BETWEEN ZIRCALOY-9 
AND STEAM 

(Dsu from Lunmoa, M . 14) 
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Figure D-3 

REACTION BETWEEN ZIRCALOY-2 AND WATER 
(DitA from Bomom, Re(. 4) 
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Figure D-4 

REACTION BETWEEN ZIRCALOY-2 AND WATER 
(Data from Bostrom, Ref. 4) 

Table D-1 

PARABOLIC RATE CONSTANTS R E C A L C U L A T E D F R O M 
THE DATA OF B O S T R O M ( 4 ) AND L E M M O N ( 1 4 ) 

Temperature, 
C 

Parabolic Rate Constants 

(ml Hj/sq cm)^/min (mg Zr/sq cm)y sec 

Reference 14 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1690 

7.45 
20.5 
83.0 

218 
219 
284 
502 
1420 

0.515 
1.42 
5.74 
15.1 
15.1 
19.6 
34.7 
98.1 

Reference 4 

1300 
1450 
1600 
1750 

15.2 
43.6 

219 
896 




